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Kurzfassung 

Der Klimawandel wurde mittlerweile weltweit als gigantisches Umweltproblem anerkannt. Gemäß dem 

IPCC, wird der Klimawandel durch den Anstieg der Treibhausgase vorangetrieben, welche hauptsächlich 

durch den Verbrauch von fossilen Brennstoffen verursacht werden. Um diesen Prozess aufzuhalten, ist ein 

Übergang von fossilen Brennstoffen zu erneuerbaren Energieträgern unvermeidbar. In diesem 

Zusammenhang hat solare Wasserspaltung große Aufmerksamkeit auf sich gezogen um die reichlich 

vorhandene Solarenergie in chemische Energie umzuwandeln. Hierbei werden im Halbleiter Elektron-Loch 

Paare mittels Sonnenenergie erzeugt, die dann Wasser in Wasserstoff und Sauerstoff spalten. Metalloxide 

haben sich aufgrund ihrer guten Stabilität in wässriger Lösung, einfacher Synthesemöglichkeiten und 

geringer Kosten als attraktive Kandidaten für die elektrochemische Wasserspaltung herauskristallisiert. 

Nichtsdestotrotz, ist der Halbleiter allein normalerweise nicht ausreichend um hohe Effizienzen zu 

erreichen; die Anwendung von Co-Katalysatoren ist notwendig um die geringe Ladungsinjektion (typisch 

für ein Großteil der Metalloxide) zu behandeln. 

Diese Arbeit setzt sich aus drei Teilen zusammen: (i) Entwicklung und Charakterisierung von Katalysatoren 

für die Sauerstoffentwicklung, (ii) Untersuchungen der fundamentalen Prozesse der 

Sauerstoffentwicklung, und (iii) des Zusammenspiels zwischen Halbleiter, Katalysator und Elektrolyt. 

Im ersten Abschnitt wird die Aktivität von NixMnyOz mit unterschiedlichen Zusammensetzungen als 

alternativer Katalysator für die Wasseroxidation untersucht. Die Schichten werden mittels eines 

kombinatorischen Ansatzes beim Laserstrahlverdampfen hergestellt. Elektrochemische sowie 

spektroskopische Methoden werden genutzt um die Arbeitsweise der Katalysatoren und den 

Zusammenhang zwischen der Zusammensetzung und der Aktivität für die Wasseroxidation zu verstehen. 

Hierbei hat sich gezeigt, dass die Einbringung von Ni in MnOx die Überpotentiale signifikant reduziert. Mit 

steigendem Ni-Gehalt in den Filmen sinkt das Überpotential kontinuierlich. Gleiche Tendenzen lassen sich 

auch für die Stabilität und die Transparenz der Schichten erkennen. 

Der zweite Abschnitt beschäftigt sich mit den fundamentalen Prozessen während der Wasseroxidation mit 

einem Kobaltphosphat-Katalysator (CoPi). CoPi ist ein weitverbreiteter Elektrokatalysator, der bereits 

intensiv in der Literatur untersucht wurde. Nichtsdestotrotz, gibt es immer noch offene Fragen zu den 

genauen Abläufen während der Wasseroxidation. Um einen besseren Einblick in diese Mechanismen zu 

erhalten, wurden in-situ UV-Vis-Messungen als Funktion des angelegten Potentials durchgeführt. Die 

Messungen zeigen eine schrittweise Oxidation von CoII  CoIII  CoIV. Außerdem müssen die Schichten 

nicht vollständig zu CoIII oxidiert werden bevor CoIV geformt werden kann. 

Abschließend werden die Prozesse an der Halbleiter/Elektrolyt- und der Halbleiter/Elektrolyt/Co-

Katalysator-Grenzfläche beschrieben um die Funktion von Co-Katalysatorschichten besser zu verstehen. 

Aus diesem Grund wurden BiVO4 Photoanoden als Modelsysteme genutzt und mittels 

intensitätsmodulierter Photostrom-Spektroskopie (IMPS) untersucht. Mit Hilfe dieser Methode kann 

zwischen Rekombination und Ladungstransfer an der Oberfläche der Arbeitselektrode unterschieden 

werden. Es wurde gezeigt, dass die Auftragung eines effektiven Co-Katalysators auf BiVO4 entgegen den 

Erwartungen nicht zu einer Steigerung des Ladungstransfers, sondern vielmehr zu einer Verringerung der 

Oberflächenrekombinationen führt. 

  



 
 

  



 
 

Abstract 

Climate change has been widely recognized as a major environmental problem facing the world today. 

According to IPCC, this is related to the increase in greenhouse gas concentrations, mainly as a result 

of the combustion of fossil-fuels. To reconcile this, a transition from fossil-fuels to renewable-based 

energy sources is unavoidable. Solar water splitting has attracted significant attention to convert the 

abundant solar energy to chemical energy. It uses a semiconductor to convert sunlight into electron-

hole pairs, which then split water into hydrogen and oxygen. Hereby metal oxides have emerged as 

attractive candidates for photoelectrochemical water splitting, mainly due to their good stability in 

aqueous solutions, easy synthesis, and low cost. However, to achieve a high efficiency, the 

semiconductor alone is usually not enough; co-catalysts need to be implemented to address the low 

charge injection efficiency that most metal oxides are suffering from.  

This thesis consists of three parts: (i) development and characterization of an oxygen evolution 

reaction (OER) catalyst, (ii) investigations on the fundamental processes involved in the OER, and (iii) 

studies on the interaction between semiconductor, catalyst and electrolyte. 

In the first part, the performance of NixMnyOz over a broad stoichiometry range as alternative catalysts 

for the OER—either as counter electrode or co-catalyst on top of a photoanode in PEC cells—is 

analyzed. The films were synthesized by pulsed laser deposition using a combinatorial approach that 

allows scanning over the complete stoichiometry range. Electrochemical as well as spectroscopic 

methods were used to understand the catalysts’ working principle and the relations between its 

composition and OER activity. The introduction of Ni into the MnOx catalyst is found to reduce the 

overpotential significantly. A further increase in Ni concentration in the films results in even further 

decrease of overpotentials. This shows that pure NiOx still performs best for the OER within this 

composition range, as well as in terms of stability and transparency.  

The next paragraph addresses the understanding of the fundamental processes taking place in a 

cobalt phosphate (CoPi) catalyst during water oxidation. CoPi is a well-known electrocatalyst, which 

has already been studied extensively in the literature. However, there are still some open questions 

on the exact processes taking place during the water oxidation reaction. To get a better insight into 

those mechanisms, in-situ UV-Vis studies were performed as a function of potential to investigate the 

working principle of a CoPi OER catalyst. Our measurements reveal a sequential oxidation from 

CoII  CoIII  CoIV, and we show that the film does not need to be completely oxidized to CoIII before 

CoIV can be formed. The oxidation from CoII to CoIII is also found to be the slowest amongst the two 

oxidation steps.  

Finally, the processes at the semiconductor/electrolyte and the semiconductor/co-

catalyst/electrolyte interface are discussed to understand the role of a co-catalyst layer and its 

relation to the semiconductor’s limitation. On that account, BiVO4 photoanodes were used as model 

system and were investigated by intensity modulated photocurrent spectroscopy (IMPS). With this 

method one can distinguish the recombination and charge transfer at the surface of the working 

electrode. By comparing the bare and the co-catalyzed photoanode system, it is shown that an 

effective co-catalyst deposited onto BiVO4 does not enhance the charge transfer, as one would expect 

intuitively, but reduces the surface recombination instead. 
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1. Introduction 

“Yes, my friends, I believe that water will someday be employed as fuel that hydrogen and 

oxygen which constitute it … will furnish an inexhaustible source of heat and light … Someday 

water will be the coal of the future.” Jules Verne, 1874 

 

1.1. The energy challenge and its best possible solution 

The energy consumption of the world`s population has been increasing steadily since the 

industrial revolution by orders of magnitude. The growing population (7.3 billion people in 2015)1 

and its elevated industrialization resulted in a power consumption of approximately 17 TW, which 

equals to an energy consumption of 530 EJ in 20142. By 2050, the world’s population is projected 

to exceed 9 billion as well as a massive increase of the global wealth. This means that even more 

additional energy is needed. Global energy scenarios predict a growth of the worldwide energy 

demand to approximately 750 EJ in 20353 and 1070 EJ in 20504. Only 17 % of this energy mix is 

covered by renewables5. Germany, as a pioneer in subsidizing renewables, had 30 % of their 

electricity produced by renewables in 20156. However, the main part of the global energy mix is 

still provided by fossil fuels (ca. 80 %), i.e. coal, natural gas and oil, which are finite natural 

resources. Although some reports are estimating that our fossil fuel reserves could last for 

centuries, the effect of depleting the reserves will be felt much sooner. This is due to the fact that 

a lot of the remaining reserves are unconventional and therefore it is getting much more 

challenging and also expensive to recover them. According to the International Energy Agency, 

the production of conventional oil has already peaked in 2006. The limited accessibility of fossil 

fuels also bears a severe and incalculable economic risk. Although the oil price was on a record 

low of 32 US$/barrel in January 2016 and it was fluctuating between 30 and 115 US$/barrel during 

the last five years7, the International Energy Agency predicted in its “World Energy Outlook 2015” 

that the oil price will increase up to an unprecedented level of 150 US$/barrel in 20405. 

Furthermore, political crisis and speculations caused by hydraulic fracturing (“fracking” of oil) can 

cause an enormous increase of the oil price. 

Besides the economic issues and the limited accessibility of fossil fuels, climate change is a far 

more urgent reason to limit the use of fossil fuels. The increasing emission of greenhouse gases 

(GHG), particularly carbon dioxide (CO2), but also other pollutants such as methane, fine dust, 

mercury and other heavy metals, has affected the global climate. On a more individual level, 

health problems have also been caused by this increasing emission. The atmospheric CO2 

concentration recently passed the level of 400 ppm (December 2015)8, as compared to 280 ppm 

at the beginning of the industrial revolution (Figure 1.1 left). This is higher than ever before and 

it is still increasing rapidly9,10. An increase in CO2 is highly correlated with a rise in global 

temperature (Figure 1.1 right). According to the International Panel on Climate Change (IPCC), a 
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CO2 level above 450 ppm is likely to cause global warming by more than 2 °C compared to pre-

industrialized temperatures. This would imply severe consequences for the environment and 

human society11. Stern stated in his Review on the Economics of Climate Change, that mitigation 

is less expensive than adaption12. It has been estimated that if we do not act on this issue, the 

overall costs and risks of climate change will be equivalent to at least losing 5 % of global GDP 

every year starting now. In contrast, the costs of reducing GHG emissions to avoid the worst 

impacts of climate change can be limited to around 1 % of global GDP annually12.  

       

Figure 1.1: Left: Global atmospheric CO2 concentration in ppm shown for the last 800,000 years. Source: Ref.13. Right: Average 
global annual temperature in relation to annual atmospheric CO2 concentration in ppm. Blue and red bars indicate temperatures 
below and above the average temperature from 1901-2000, respectively. Source: Ref.13. 

 

To meet the goal of less than 2 °C in temperature rise, the emission of global GHG need to be 

reduced drastically. The 2 °C target is a compromise between what scientists think is necessary 

to avoid the fatal consequences of global warming and what is realistically achievable. With global 

warming exceeding 2 °C, climate impacts in agriculture, food and water security, health, and 

economics are projected to increase significantly and irreversible catastrophic events may occur. 

This means, limiting the global warming to 2 °C is necessary to avoid most serious effects of 

climate change. Lately, a large majority of countries that signed and ratified the United Nations 

Framework Convention on Climate Change in 2009 promote a 1.5 °C target as more adequate to 

protect ecosystems, food security, and sustainable development14. Unfortunately, there is still no 

sign that reduction of emission is happening. Last year, 2015, was reported as the warmest year 

since humans started to record the earth’s temperatures in 1880. According to National Oceanic 

and Atmospheric Administration, the average temperature across global land and ocean surfaces 

was 0.90 °C above the 20th century average. In addition, in the last 16 years 14 out of the 15 

warmest years since 1880 occurred15. To address this problem, different strategies are developed 

from international initiatives, and several governments have started to pass corresponding laws. 

These strategies are typically two-fold. First of all we need to implement aggressive energy 

savings and increase the energy efficiency. Secondly, we need a decarbonization of electricity and 

fuel production. This implies a large-scale transition from fossil fuels towards sustainable and 
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renewable energy sources. Although most scientists and politicians agree that such a transition is 

unavoidable, the implementation is still highly debated. One of the most important conferences 

on climate change and how to stop it was organized by the United Nations last year in Paris (COP-

21, 2015). 

There are various renewable energy resources available, such as solar, wind, hydroelectric, bio 

mass, geothermal, tidal, and ocean currents. Depending on the geographical conditions, the 

climate and population density of a particular region, the future energy infrastructure could be a 

mixture of all those mentioned above. Hereby, solar energy is the only one that meets all our 

energy needs. To generate 30 TW of power from the sun, which is the world’s power consumption 

predicted for 2050, 0.8 % of the land on earth needs to be covered with 10 % efficient solar cells. 

Although this seems to be relatively small, it is equivalent to an area equal to the size of France 

and Germany combined.  

Despite the enormous incident power, solar energy has to cope with its intermittent nature, since 

the availability of sunlight is highly dependent on the presence of clouds, the geographical 

location and the day/night cycle. To address this issue, grid-based energy storage in the form of 

a ‘smart grid’ could be a good solution. However, this small scale storage capacity will be 

exceeded at a certain point and therefore large-scale energy storage solutions need to be 

implemented. There are different energy storage systems already available on the market, e.g. 

mechanically-based storage systems (pump storage and compressed air reservoir), capacitors, 

batteries and chemical fuels16. While conventional energy storage, such as batteries, can bypass 

day/night cycles and short bad weather periods, we also need a solution for seasonal storage. 

Hereby the most attractive way to store solar energy is in the form of chemical fuels due to their 

high energy density and their easy transportability, as compared to the rest. 

 

Table 1.1: Gravimetric and volumetric energy densities of different fuels (at 1 bar). Source: Ref.17. 

 

In fact, a major part of the world’s energy consumption is in the form of fuels for transportation, 

industry and heating and not in the form of electricity. This is because chemical fuels are flexible 

in their usage, and large infrastructures are currently present for chemical fuels. Examples of 

chemical fuels, such as gasoline, diesel, methanol, natural gas and hydrogen, and their main 

storage properties are shown in Table 1.1. Keeping the environmental impacts of CO2 and the 
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goals to stop climate change in mind, the electrochemical conversion of CO2 to methanol and 

methane could be a possible solution. Unfortunately, these processes, using 

(photo)electrochemical reactions, require complex six- and eight-electron transfer reactions, 

respectively and are therefore very challenging. Another good option is molecular hydrogen. 

Nowadays, different stakeholders consider hydrogen as a perfect link between different energy 

sectors (Figure 1.2). The synthesis of hydrogen does not require a carbon source. In fact it can be 

extracted from one of the most abundant compounds on earth (water) by water splitting. In 

comparison to the electrochemical conversion of CO2 to chemical fuels, water splitting only 

requires two and four electron transfer reactions for the reduction and the oxidation, 

respectively. Furthermore, it energetically outperforms all fossil fuels by at least a factor of three 

due to its low molecular mass and its high gravimetric energy density. Nonetheless, the problem 

lies in the low volumetric energy density, which is three orders of magnitude lower than that of 

gasoline.  

 

Figure 1.2: Schematic drawing to show the potential of hydrogen to link different energy sectors, transmission and distribution 
networks to increase the operational flexibility of future low-carbon energy systems. Source: Ref.18. 

 

This can be overcome by storing H2 in high pressure containers e.g. under 700 bar, by liquidation 

at 40 K (cryo-storage), by chemical bond formation (e. g. metal hydrates) or by physisorption at 

high surface area metal organic frameworks or in clathrate hydrate cages17,19. This results in an 

increase of the volumetric energy of 0.011 MJ/L at 1 bar to 5.6 MJ/L at 700 bar for the high-

pressure option. The high-pressure storage has already been deployed by carmakers. Toyota 

recently launched a car called Mirai, running on fuel cells. This car has two tanks, which can carry 

2.5 kg hydrogen each, pressurized to 700 bar. 

Another option is to convert H2 into other chemical fuels, such as methane, methanol or diesel 

by conventional thermo-chemical routes, using CO2 as carbon source. In this process CO2 and H2 

can be converted into CO using the well-established water-gas shift reaction. The resulting CO 

and H2 form syngas, which then can be converted to liquid hydrocarbon fuels using Fischer-
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Tropsch synthesis20. By using hydrocarbons, the difficulties regarding the transport, distribution 

and consumption are solved, since the already existing infrastructure can be used.  

There are different routes to synthesize hydrogen. Around 20 billion Nm3 hydrogen are annually 

produced in Germany. Globally, around 48 % of hydrogen is produced from natural gas using 

steam methane reforming, 30 % arises as a fraction of petroleum during the refining process, 

18 % is produced from coal, and only 4 % is produced by electrolysis18. Although the steam 

reforming process is the most economic one with 1 US$/kg of hydrogen21, it solves neither the 

limited accessibility of fossil fuels nor the emission of CO2. Another way, which is ecologically 

more attractive, is to split water with sun light17,22,23. 

                                            2 𝐻2𝑂 ⇌  2𝐻2 + 𝑂2         Δ𝐺 = +237 
𝑘𝐽

𝑚𝑜𝑙
                                            (1.1) 

This can be done by electrolysis, where a power source is coupled to an electrolyzer. To make this 

process carbon free, the electricity necessary for electrolysis needs to come from renewables, 

such as photovoltaics (PV) or wind power. The components for PV-driven electrolysis (Figure 1.3) 

are already commercially available, reaching a solar-to-hydrogen efficiency (STH) of 8 %17. In 

research even STH efficiencies from 10 % up to 24.4 % have been demonstrated24–27. 

Unfortunately, the procedure is still too expensive to be economically competitive; a cost of 

8 US$/kg to produce H2 has been estimated17,28.  

 

Figure 1.3: System combining a solar cell and an electrolyzer for solar hydrogen production. 

 

A more elegant way is direct photoelectrochemical (PEC) water splitting using semiconductor 

photoelectrodes, which contain a direct semiconductor/liquid junction29 (Figure 1.4). Here, STH 

efficiencies up to 31.1 % are theoretically possible for dual junction PEC cells30–32. The energy of 

visible light ranges from 100 – 300 kJ/mol, which is theoretically sufficient to split water. This 
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method was initially shown by Honda et al. in 1972 using TiO2 as the photoanode and taking 

advantage of a pH gradient to gain additional potential. In this cell, the incident light is generating 

electron-hole pairs, which are then separated by an electric field. The electrons reduce water to 

hydrogen, whereas the holes oxidize water to oxygen. A detailed description of this process is 

discussed in chapter 2. Compared to indirect PEC with commercial alkaline or PEM electrolyzers, 

direct PEC requires a lower overpotential due to the 50 – 100 times lower operating current 

density that is necessary to split water. Furthermore, a direct PEC water splitting system can be 

constructed as a monolithic device, which means less additional components, such as wiring, 

frames and glass is required. This targets economic feasibility and may lead to lower costs per kg 

of hydrogen compared to the coupled PV/electrolyzer system. Indeed, the US Department of 

Energy (DOE) estimated costs of 3 – 5 US$/kg for the hydrogen production with direct PEC systems 

with moderate solar concentration (with a factor of 10)33, which falls into the DOE targeted cost 

range of 2 – 4 US$/kg H2
34. 

 

Figure 1.4: Schematic diagram of a photoelectrochemical cell for direct solar water splitting. 

 

As mentioned above, the heart of a PEC system is the semiconductor photoabsorber. Those 

photoabsorbers need to fulfill certain criteria to be considered as good material for PEC water 

splitting. First of all, the semiconductor should be able to absorb light. Hereby the visible light 

absorption plays an important role, since most of the photons from the sun light are in this 

regime. The ability of a material to absorb light depends on its bandgap. 

Taking the minimum thermodynamic potential needed for water splitting of 1.23 V into account 

and also considering thermodynamic losses as well as overpotentials necessary for sufficiently 

fast reaction kinetics, we end up with a minimum bandgap of ~1.9 eV. To achieve the DOE target 

of 10 % solar-to-hydrogen efficiency, a minimum photocurrent density of ~8 mA/cm2 is required, 

which results in a maximum bandgap of ~2.3 – 2.4 eV. This bandgap range between 1.9 eV and 

2.4 eV is in good agreement with the prediction of a hypothetically ideal single-bandgap material 
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with a bandgap of ~2.03 eV made by Murphy et al.35 and the optimum of 2.26 eV calculated by 

Jaramillo and co-workers including unavoidable losses30. Considering a tandem configuration with 

semiconductor bandgaps of 1.84 eV and 1.23 eV for the first and second absorber, respectively, 

a STH efficiencies of 22.8 % was calculated30 (Figure 1.5).  

 

Figure 1.5: STH efficiency contour plots for a dual stacked absorber configuration as function of the bandgaps of the top and the 
bottom absorber. Source: Ref.30. 

 

Another important requirement for a good PEC material is that the band edges need to straddle 

the redox potentials of water36. This means the energy of the conduction band needs to be higher 

than the reduction potential and the valence band energy has to be situated below the oxidation 

potential, as demonstrated on some example materials in Figure 1.6. Only then, the photo-

generated charge carriers will have enough driving force to reduce or oxidize water.  

Furthermore, charge separation and charge transport within the semiconductor needs to be 

highly efficient. A useful parameter is the carrier diffusion length. This is determined by intrinsic 

and extrinsic properties of the semiconductor. Additionally, the catalytic activity of the material 

towards the oxidation or reduction of water and the chemical stability in an aqueous solution in 

the dark and under illumination needs to be sufficiently high. Finally, the semiconductor needs to 

be cost effective36. This means the semiconductor must be composed of cheap and abundant 

materials and the production techniques need to be scalable.  

Due to all these requirements, it is very difficult to find the ideal semiconductor material for PEC 

water splitting. The first promising photoelectrodes that have been developed are the classical 

binary transition metal oxide semiconductors such as TiO2 and WO3. These materials are 

remarkably stable during operation and easy to prepare. Unfortunately, they do not absorb 

enough light due to their large bandgaps. Fe2O3 also attracted a lot of attention, but is limited due 

to poor semiconducting properties37 Another promising material, Cu2O, received a lot of attention 
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due to the abundance of copper, its suitable bandgap (2 eV), and its favorable band alignments 

for the water reduction reaction and carbon dioxide reduction38–40. Currently, a lot of research 

activities focuses on ternary or even more complex multinary metal oxides, such as BiVO4, CuBi2O4 

and ZnFe2O4 mainly due to their general stability in aqueous solutions and their relatively low 

costs as well as their possibility to engineer the bandgap by introducing a third element into a 

binary semiconductor. However, those materials usually have rather poor semiconductor 

properties (e.g. carrier mobility) compared to III-V semiconductors, such as GaAs or GaInP, or 

even silicon41, which are in turn less stable. Furthermore, promising metal oxide photoanodes 

suffer from low charge injection efficiency and therefore also from low catalytic activity towards 

the oxygen evolution reaction42,43.  

 

 

Figure 1.6: The bandgap energy (red for n-type, black for p-type) of oxide and oxynitride semiconductors is shown with respect to 
the reversible hydrogen electrode and the water redox energy levels. Source: Ref.37. 

 

Another key issue for developing highly efficient PEC systems is the reduction of energy losses for 

the oxygen evolution reaction (OER). Due to the four electron transfer process that is essential 

for the production of one O2 molecule, significant overpotentials have to be applied to achieve 

acceptable reaction rates. In the case of BiVO4 this problem has been shown to be easily solved 

with the application of water oxidation catalysts (CoPi, RhO2, FeOOH, NiFeOx, MnOx etc.44–46). 

Similar to the search for a good semiconducting material as photoabsorber, the catalyst material 

should be cheap, abundant and easily accessible. Furthermore, good catalysts need to have low 

activation energies to drive the OER. Today, the most efficient OER catalysts are RuO2 and IrO2, 

which both contain expensive and rare elements. Therefore, we need to find alternatives to those 

noble metal oxides. A particular versatile example is cobalt phosphate (CoPi), a water oxidation 

catalyst that was initially developed by Nocera and co-workers47 and has been successfully 
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deposited on many metal oxides (e.g., Fe2O3
48–50, WO3

51, BiVO4
46,52,53, TaON54,55) to greatly 

enhance the photocurrent and address the slow oxygen evolution kinetics. Other catalysts, such 

as NiOx, FeOOH and MnOx, have also been shown to have high catalytic activity and significantly 

improve the photocurrent44,56–59. It is, however, not enough to only investigate the intrinsic 

activity of such catalysts. It is also important to understand the mechanism behind the 

enhancement, when a co-catalyst is deposited on top of a photoabsorber. 

 

The aim of this thesis is three-fold: (i) to investigate the performance of NiOx and MnOx-based 

electrocatalysts, (ii) to analyze the mechanistic processes of CoPi as electrocatalyst, and (iii) to 

study the influence of those catalysts, deposited onto a BiVO4 photoanode, on the surface 

processes that occur at the photoanode/co-catalyst/liquid interface. These three aims are 

directed towards a bigger, more general objective, which is to find new catalysts for the water 

oxidation reaction and to understand the fundamental operating principles of the catalyst itself 

as well as the processes involved in the water oxidation, when the catalyst is deposited onto a 

photoanode. This should finally, lead to an overall insight of the mechanism involved in the 

photoelectrochemical PEC water splitting to postulate new design rules for efficient PEC cells. 

In section 4.1, a series of NixMnyOz compounds are characterized over a broad stoichiometry 

range as alternative catalysts for the OER with possible applications as counter electrode or as co-

catalyst on top of a photoanode in PEC cells. The synthesis method of choice was pulsed laser 

deposition, because it allows the deposition of thin, dense films. Furthermore, a high-throughput 

approach was used in this work to allow scanning the complete stoichiometry range with a limited 

number of experiments. Electrochemical as well as spectroscopic methods were used to 

understand the catalysts working principle and the relations between composition and OER 

activity, finding that the introduction of Ni into the MnOx catalyst significantly reduces the 

overpotential that is necessary to achieve 1 mA/cm2. Further increase of Ni concentration in the 

film decreases the overpotential even further, reaching the value for pure NiOx. However, the 

choice to synthesize compounds including MnOx was not only due to its economic and 

environmental benefits, but also due to the fact that nature enables the OER with Mn containing 

oxides, namely the Mn4CaO3 cluster of photosystem II. 

Chapter 4.2 addresses the understanding of the fundamental processes taking place in a CoPi 

catalyst during water oxidation. CoPi is a well-known electrocatalyst which has been intensively 

studied. However, there are still some open questions on the exact processes occurring during 

water oxidation. To get a better insight into those mechanisms, in-situ UV-Vis as a function of 

potential was used to investigate CoPi catalysts. Our measurements show a sequential oxidation 

from CoII  CoIII  CoIV, whereat the film does not need to be completely oxidized to CoIII before 

it can oxidize to CoIV.  
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In the third part of this thesis (chapter 4.3), the surface processes at the 

semiconductor/electrolyte and the semiconductor/co-catalyst/electrolyte interface are 

discussed to demonstrate the limitations of PEC materials and to understand the role of co-

catalysts for PEC devices. On that account, BiVO4 photoanodes were used as model system and 

were investigated by intensity modulated photocurrent spectroscopy (IMPS). With this method, 

one can distinguish between the recombination and charge transfer at the surface of the working 

electrode. Besides determining the surface processes at the bare photoanode also processes at 

the combined photoanode/catalyst system were analyzed, showing that an effective co-catalyst 

deposited onto BiVO4 does not enhance the charge transfer, as one would expect intuitively, but 

reduces the surface recombination instead. 

 



 

11 

2. Theoretical background 

In this chapter, the basics of electrochemical and photoelectrochemical water splitting, which are 

relevant to understand the processes involved in water splitting and the findings described in the 

results section (chapter 4), are explained. 

 

2.1. Electrocatalysis of water splitting 

Despite the gain in knowledge of electrical properties and the building of generators, it was not 

until the late 18th century that the Italian physician and anatomist Luigi Galvani marked the birth 

of electrochemistry by establishing what he called animal electricity: a bridge between muscular 

contractions and electricity. In his essay “De Viribus Electricitatis in Motu Musculari 

Commentarius” he described the evidence of a new form of electricity, different from the 

“natural” and “artificial” form produced by lightning and friction, respectively. After repeating 

Galvani’s experiments using two different metals in a frog leg to emerge electricity, he stated that 

the dissimilar metals connected by a conductive solution are the true reason for the electricity 

and not the animal tissue. He also effectively demonstrated the first electrochemical battery in 

1800. By reproducing Volta’s “electric pile”, E. Nicholson and A. Carlisle found that the battery’s 

terminals dipped in water generated hydrogen and oxygen60–62. Although the chemistry behind 

the „electric pile“ was not completely understood at that time, Volta’s invention pioneered the 

development for Ohm’s and Faraday’s laws, the discovery of the relationship between electricity 

and magnetism63. In addition to Faraday’s discovery of the laws of electrochemistry, in 1834 he 

also determined the terminology, which is still valid today 64. In 1838 the first fuel cell65 was 

developed by W. R. Grove and C. F. Schönbein. With this development, people started to be 

interested in H2 and to consider it as an energy carrier. 

 

2.1.1. Thermodynamic considerations 

Since water splitting is a thermodynamic up-hill reaction, energy has to be introduced to produce 

hydrogen. This can be done either thermally via thermolysis or by using electric power via 

electrolysis. In the following considerations the electrolysis is described. 

An electrochemical cell for water electrolysis consists of two electrodes, which are placed in 

aqueous solution. By applying a sufficient potential difference between those electrodes, which 

overcomes the thermodynamic bias necessary to split water and all additional kinetic barriers, 

water can be split into hydrogen at the cathode and oxygen at the anode. Hereby, an electron 

deficiency is produced at the anode, which is compensated by the release of protons and gaseous 

oxygen. The protons diffuse to the cathode. Here, the electrons that arrive via the external circuit 
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are consumed by proton reduction under release of hydrogen. For an alkaline electrolyte (pH 14), 

the reduction and oxidation of water can be written as: 

 

cathode:           4 𝐻2𝑂 + 4 𝑒−  ⇌ 2 𝐻2 + 4 𝑂𝐻−        𝐸𝑟𝑒𝑑
0 =  −0.828 𝑉 𝑣𝑠.  𝑁𝐻𝐸 (2.1) 

anode:                 4 𝑂𝐻−  ⇌ 𝑂2 + 2 𝐻2𝑂 + 4 𝑒−         𝐸𝑜𝑥
0 =  +0.401 𝑉 𝑣𝑠. 𝑁𝐻𝐸    (2.2) 

 

The reaction equations for acidic (pH 0) solutions are as following: 

 

cathode:                           4 𝐻+ + 4 𝑒−  ⇌ 2 𝐻2        𝐸𝑟𝑒𝑑
0 =  0.000 𝑉 𝑣𝑠.  𝑁𝐻𝐸 (2.3) 

anode:                 2 𝐻2𝑂 ⇌ 𝑂2  + 4 𝐻+  + 4 𝑒−       𝐸𝑜𝑥
0 = +1.229 𝑉 𝑣𝑠. 𝑁𝐻𝐸    (2.4) 

 

The different anodic and cathodic reactions for acid and alkaline media are due to the radically 

different concentrations (and activities) of H+ and OH- ions by a factor of 1014 for pH 0 and pH 14, 

respectively. This pH dependence of the electrode potentials of a redox pair is based on the 

Nernst equation. 

𝐸0 = 𝐸00 +
𝑅𝑇

𝑛𝐹
∙ 𝑙𝑛 (

𝑎𝑜𝑥

𝑎𝑟𝑒𝑑
)           (2.5) 

This equation describes the correlation between the equilibrium potential E0, the standard 

equilibrium potential E00, the universal gas constant R = 8,314 J/(mol*K), the absolute 

temperature T, the Faraday constant F = 96485 C/mol, the number of transferred electrons per 

ion n and the activity of the oxidized and reduced species aox and ared, respectively. Under 

standard conditions (T = 298 K), we get the following equilibrium potential of H+/H2: 

                                                           𝐸𝐻+ 𝐻2⁄
0 = 𝐸𝐻+ 𝐻2⁄

00 + 0.059 ∙ 𝑙𝑜𝑔 (
𝑎

𝐻+

𝑎𝐻2

)                      (2.6) 

Since the solution is assumed to be saturated with H2, the activity of H2 is equal to 1. Furthermore, 

the pH is defined as the negative logarithm of the concentration of H+ ions. Therefore, the 

equilibrium potential of H+/H2 shifts to lower values by -59 mV per unit pH. This is also valid for 

the equilibrium potential of OH-/O2. 

      𝐸𝐻+ 𝐻2⁄
0 = −0.059 ∙ 𝑝𝐻                        (2.7) 

                 𝐸𝑂𝐻− 𝑂2⁄
0 = 1.23 − 0.059 ∙ 𝑝𝐻                      (2.8) 
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Thus, to compare the catalytic activity of different catalysts in different electrolytes, one should 

refer the potential to the reversible hydrogen electrode (RHE), which accounts for the pH 

dependent potential shift. 

The Gibbs free energy that has to be provided to drive the water splitting reaction is calculated 

by: 

∆𝐺 = −𝑛𝐹∆𝐸            (2.9) 

At standard conditions (T = 298 K; c = 1mol/L; p = 1 bar) and for an electrochemical cell voltage of 

ΔE = 1.23 V, which corresponds to the thermodynamic decomposition voltage of water, the 

overall water splitting reaction is given by the following expression: 

                                                      2 𝐻2𝑂 ⇌  2𝐻2 + 𝑂2         Δ𝐺 = +237 
𝑘𝐽

𝑚𝑜𝑙
                                 (2.10) 

When operating at 1.23 V, the electrochemical cell absorbs heat from the environment, since it 

does not account for the positive entropy change caused by the transition of liquid water into H2 

and O2 in the gas phase. Therefore, the temperature of the environment will cool down very fast 

and the reaction will stop. By taking the entropy change into account a so called thermal neutral 

voltage of 1.48 V has to be applied to split water. This results in an overall standard enthalpy of: 

∆𝐻 = ∆𝐺 + 𝑇∆𝑆 = 286 𝑘𝐽/𝑚𝑜𝑙                                       (2.11) 

However, using sun light to split water, we can assume that we have enough heat from the 

environment that can be used for the system. Therefore, the thermodynamic potential of 1.23 V 

is used as reference. 

 

2.1.2. Kinetic considerations 

To split water into O2 and H2 at the anodic and cathodic electrode, respectively, an external bias 

is needed. The difference between the actual potential applied and the equilibrium potential of 

the redox pair E0
 is by definition the overpotential 𝜂. 

𝜂 = 𝐸 − 𝐸0                                                   (2.12) 

There are three different sources that cause the increase in operating potential compared to the 

theoretically sufficient thermodynamic voltage for the water electrolysis. First, the resistance 

overpotential is arising from the ohmic drop in the solution between the electrodes, but also from 

ohmic losses in wires and at the contact, or from bubble formation at the electrode surface. 

Second, the concentration or diffusion overpotential considers losses due to mass transport 

limitations; either due to insufficient fast supply of educts (i.e. OH-) or due to slow removal of 

products (i.e. O2). Finally, we have the activation overpotential, which is due to the 

electrochemical energy necessary to activate the reaction. This loss can arise from kinetic 

inhibition of one of the steps involved in the electrode reaction66. It also depends on the number 
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of charges that have to be transferred. A special form of the activation overpotential is the 

reaction overpotential, which is associated with slow chemical reactions before or after the 

charge transfer reaction. This can be e.g. adsorption or desorption processes. Since a four 

electron transfer is necessary for the complex OER, the water oxidation is kinetically inhibited 

compared to the HER, and it is therefore the main bottleneck of water electrolysis leading to 

smaller overall efficiencies. 

The relation of the overpotential η to the current density j for an ideal electrochemical cell under 

standard conditions can be described by the Butler-Volmer equation: 

𝑗𝑔𝑒𝑠 = 𝑗𝑜𝑥 + 𝑗𝑟𝑒𝑑 = 𝑗0 ∙ [𝑒(
𝛼𝑛𝐹

𝑅𝑇
 ∙ 𝜂) −  𝑒  (− 

(1− 𝛼)𝑛𝐹

𝑅𝑇
 ∙ 𝜂)]                               (2.13) 

Here, jox and jred are the oxidation and reduction current density and n, F, R and T are the number 

of electrons involved in the electrochemical reaction, the Faraday constant, the universal gas 

constant and the absolute temperature, respectively. The exchange current density j0 reflects the 

intrinsic rate of the electrochemical charge transfer reaction and can therefore be used to 

characterize catalysts. The charge transfer coefficient α signifies the fraction of the interfacial 

potential at an electrode/electrolyte interface that helps in lowering the free energy barrier for 

the electrochemical reaction. Although the current density is always a mixture of anodic and 

cathodic reaction currents, the anodic branch is most effective for α ~1. The cathodic branch is 

preferred for α ~0. A symmetric current-voltage curve can be obtained for α = 0.5, which 

frequently can be found for electrochemical reactions at metal electrodes. Semiconductors have 

typically values of α ~1. For overpotentials 𝜂 ≫ 𝑅𝑇/𝑛𝐹, which relates to a value of 25.7 mV per 

number of electrons involved in the reaction, the Butler-Volmer equation can be approximated 

by the Tafel equation, which can be described as follows for the anodic side: 

𝑗𝑜𝑥 = 𝑗0 ∙ 𝑒(
𝛼𝑛𝐹

𝑅𝑇
 ∙ 𝜂)                                        (2.14) 

           log 𝑗 = log 𝑗0 +
𝛼𝑛𝐹

2.3𝑅𝑇
∙  𝜂                                         (2.15) 

By plotting the logarithm of the current density versus the overpotential according to equation 

(2.15) and linearly extrapolating the curve, one can directly determine j0 from the y-intercept. The 

slope of the curve, the so-called Tafel slope, describes the dependence of the current density j on 

the overpotential (i.e. the increase in η per decade of j). In addition to the exchange current 

density, the Tafel slope is also a very important kinetic parameter for characterizing the activity 

of a catalyst. 

More detailed information about the electrochemical basics of water splitting can be found in 

standard books for electrochemistry or physical chemistry66–69. 

 

 

https://en.wikipedia.org/wiki/Energy_barrier
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2.1.3. The oxygen evolution reaction (OER) 

The anodic part of the water splitting reaction (OER) is the kinetically challenging reaction in 

comparison to the HER. In contrast to the two-electron transfer for HER, a four electron transfer 

is necessary for water oxidation, which results in higher overpotentials as discussed above. 

Indeed, catalysts with oxygen evolution overpotentials well below 300 mV have not yet been 

found. Due to this much more challenging nature, this thesis only focuses on the OER. For HER, 

the readers are referred to many excellent publications and review articles, which already show 

significant advancement in this research field57,70–72. 

The oxygen evolution reaction in the photosynthesis is one of the most fundamental reactions in 

nature. Hereby, green plants, algae and cyanobacteria use solar energy to split water. The process 

of photosynthesis can be divided into two half reactions: the light reaction and the dark reaction. 

The OER is part of the light reaction and takes place in a large protein complex (water oxidation 

complex – WOC) of the photosystem II (PS II). The catalytically active structure of the WOC 

consists of a Mn3CaO4 cluster linked to an additional fourth Mn atom by a mono-µ-oxo bridge73. 

This reaction center is embedded in a lipid bilayer membrane (thylakoid membrane) within the 

chloroplasts and is connected via a tyrosine transmitter to the P680 pigment which is oxidized by 

absorption of sunlight. Energetically, water oxidation occurs via a complex light induced cascade 

reaction, based on a gradual accumulation of photo-generated oxidation equivalents at P68074. 

The catalytically active Mn center passes four different oxidation states in four consecutive 

oxidation steps, going from MnIII
3MnIV over MnIII

2MnIV
2 and MnIIIMnIV

3 to MnIV
4 (see Figure 2.1). 

After the WOC reached an average Mn oxidation state of 4+, it is able to release O2 by consuming 

another hole from the photo-oxidized P680 pigment. Finally, the Mn cluster in the WOC returns 

to its initial state. The whole water oxidation reaction is a circular process, powered by the 

oxidation equivalents produced in the light reaction of P680. The energetic, faradaic efficiency 

calculated from the half-cell reaction (OER) is between 75 – 80 %, which is incredibly high75. A lot 

of research has been performed to elucidate the reaction mechanism of the biological OER in 

PS II76–78. However, there are still a lot of open questions about these complex reactions 

remaining. 

In comparison to inorganic approaches to mimic the OER of the PS II, the Mn3CaO4 cluster in the 

WOC is embedded in a flexible and dynamic protein complex which allows the Mn cluster to 

change its internal molecular conformation in dependence of its oxidation state. This seems not 

feasible for the crystal structure of inorganic materials. Nevertheless, we can learn from the 

processes in nature, namely the accumulation of charges by changing the oxidation state from 

MnIII to MnIV seems to be very useful for the efficient oxidation of water. This is one reason why 

international research activities focus on the catalysis of Manganese oxides and their changes in 

oxidation state during water electrolysis. A good example is the OER with inorganic α-Mn2O3, 

where indeed the oxidation of MnIII to MnIV plays a crucial role to reach high OER efficiencies. 
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Figure 2.1: Proposed mechanism of the natural water oxidation in PS II. Source: Ref.79. 

 

Already mentioned above, a fundamental property for electrocatalysis with inorganic materials is 

the ability to change its oxidation states. Therefore transition metals are a good choice to 

maintain the charge balance while transferring electrons from one species to another. 

Furthermore, the OER occurs at relatively positive anodic potentials; at these potentials all metals 

are covered with a thin oxide layer. The corresponding metal oxide is therefore normally 

considered as the active phase. Within the range of metal oxide catalysts, many of the efficient 

OER catalysts are usually transition metal oxides80–82. Today, the most efficient OER catalysts are 

RuO2 and IrO2
83,84. However both of them contain expensive and rare elements, which make them 

less attractive for large-scale applications. Therefore, much research is focused on moving 

towards noble metal-free, abundant catalysts. During the last decades, promising materials based 

on NiOx
58,59,83,85,86, CoOx

47,87–90, MnOx
91–94, FeOx

58,59,95 and their respective compounds were 

developed. A useful comparison of various catalysts was reported by Jaramillo et al., by analyzing 

many different materials for the OER and HER in terms of their overpotentials in alkaline and 

acidic solution56,57. There are quite a few reviews about the state of the art and the perspectives 

and opportunities of OER catalysts96–98.  

As discussed above, the overpotential as well as the Tafel slope and the exchange current density 

are good parameters to characterize the activity of OER catalysts. However, they do not allow for 

an overall assessment of the catalyst activity. Since the Butler-Volmer-equation is strictly speaking 

only valid for one-electron transfer reactions, but the OER is a four electron transfer reaction, the 

parameters derived from it are a good measure to compare different materials. However, the 

mechanistic processes cannot be described by these parameters. Furthermore, they do not allow 

making predictions about potential new catalysts. Therefore, more and more theoretical 

attempts (i.e. density functional theory) have been made to describe the kinetics involved in the 

water oxidation. The main key is to understand the formation of transition states and trying to 
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find a universal descriptor comparing the catalytic activity of different materials96,98,99. This 

descriptor was found to be the free energy change (∆𝐺) of one of the intermediate steps along 

the OER reaction. A likely mechanism for the OER consists of four different elementary reaction 

steps81,99,100 shown in Figure 2.2 and described with the following equations: 

𝐻2𝑂(𝑙) +∗ ⇌  𝐻𝑂∗ + 𝐻+ + 𝑒−                              (2.16) 

𝐻𝑂∗  ⇌  𝑂∗ + 𝐻+ + 𝑒−                            (2.17) 

𝑂∗ + 𝐻2𝑂(𝑙)  ⇌  𝐻𝑂𝑂∗ + 𝐻+ + 𝑒−                          (2.18) 

𝐻𝑂𝑂∗  ⇌  +∗  𝑂2(𝑔) + 𝐻+ + 𝑒−                                 (2.19) 

 

 
Figure 2.2: a) Free energy diagram of intermediates during OER on O* covered RuO2 at different potentials. Source: Ref.100. b) 
Volcano plot using the different binding energies between the O* and the OH* transition state as descriptor. Source: Ref.99. 

 

During the first step a water molecule is oxidized. While one proton and one electron are released, 

a HO* intermediate is formed. Secondly, HO* is further oxidized to O*. In the third step an 

additional water molecule is oxidized, forming a superoxide intermediate HOO*. Finally, this 

intermediate is oxidized and forms an oxygen molecule. For the overall water oxidation reaction 

the potential determining step (resulting in a certain overpotential) is the intermediate step with 

the highest change in free energy. For an ideal catalyst all elementary reaction steps should have 

the same change in free energy given by the thermodynamic equilibrium potential of 1.23 V. 

Koper81 and Man et al.99 pointed out that the energy relation between the binding energies of 

HO* and HOO* is a constant value of about 3.2 eV instead of the 2.46 eV one would expect for an 

ideal catalyst. This “scaling relation” is independent of the absolute binding energy of O* and 

shows that a real catalyst needs a minimum theoretical overpotential of 0.2 – 0.4 V. Knowing this, 

Man et al.99 took the difference in ∆𝐺 between the O* and HO* transition state as a descriptor for 

the catalytic activity of different materials resulting in a volcano relationship (Figure 2.2). The 
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difference of the bonding strength follows the Sabatier principle. It automatically tells us that the 

possible potential determining step is either the HO* oxidation to O* or the oxidation from O* to 

HOO*. For materials with strong oxygen binding, the intermediate states and the adsorbents are 

relatively stable. Therefore, the potential is limited by the formation of HOO* (left branch of the 

volcano plot in Figure 2.2b). In the opposite case, compounds that bind oxygen too weak to the 

surface have rather unreactive intermediates. Thus, the oxidation of HO* is the limiting step (right 

branch of the volcano plot in Figure 2.2b). That means the best catalysts are located on top of the 

volcano plot, where the ∆𝐺𝑂∗
0  is in the middle. It is shown clearly, that RuO2, NiO and Co2O3 are 

good candidates for the OER, but even these catalysts have a non-zero overpotential. Thus, to 

significantly improve their performance, the “scaling relation” has to be overcome. First attempts 

to do this were done by modifying RuO2 with Ni and Co101. 

Besides the influence of the binding energies of the different intermediates, the 

catalyst/electrolyte interface (i.e. specific adsorption of ions from the electrolyte) can also play 

an important role for the design of new OER catalysts102. There are different junction formations 

for p-type and n-type semiconductor catalysts. Hereby, p-type materials should be favored as 

catalysts for the OER84. 

 

2.1.4. Cobalt Phosphate 

In 2008 Kanan and Nocera47 first synthesized an amorphous, highly active cobalt-based catalyst 

by simple electrochemical deposition from a phosphate buffer solution at room temperature. This 

mild synthesis, done by electrodeposition of aqueous Co2+ from phosphate-buffered, neutral-pH 

electrolyte solution, was of special interest since the application of OER catalysts on photoactive 

semiconductors became more and more relevant to increase the STH efficiency of such PEC cells. 

Cobalt Phosphate (CoPi) has been successfully deposited on many metal oxides (e.g., Fe2O3
48–50, 

WO3
51, BiVO4

46,52,53, TaON54,55) to address the slow oxygen evolution kinetics and to reduce the 

OER overpotentials. Deposited on the right photoelectrode material, current densities with an 

increase of a factor larger than 200 have been achieved at rather low overpotentials103. Other 

reports present the catalyst’s structure, indicating the presence of  octahedrally coordinated Co3+ 

ions interconnected by di-oxo/hydroxo bridges and showing that the structure is of ordered units 

of molecular dimenions87,104,105. Kanan et al. proposed four structural models from X-ray 

absorption spectroscopy (XAS) measurements105, two for the CoPi surface and two for the CoPi 

bulk (Figure 2.3). Risch et al. confirmed the corner-sharing cubane model with their 

experiments104. 

The nature of the active species was investigated and it was shown that Co4+ was produced during 

oxygen evolution, verifying Co4+ as the catalytically active species106. Further studies were 

performed on the mechanism of OER and the “Nucleation, Growth, and Repair” of Co-Pi, 

concluding that it is a self-healing catalyst107–109. Although the structure, composition and parts 

of OER mechanism of Co-Pi itself108 was investigated in numerous publications, there are still 
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some gaps in the understanding of the mechanism involved in the water splitting performed by 

CoPi. Furthermore, the true nature of the efficiency enhancement, when CoPi is deposited on a 

semiconductor photoelectrode and therefore the role of CoPi on those photoelectrodes is still 

not clear. Further descriptions on the semiconductor/catalyst/electrolyte interface are explained 

in chapter 2.3, and a detailed investigation on this catalyst is described in chapter 4.  

 

 
Figure 2.3: Structural models for CoPi. Bridging oxo/hydroxo ligands are shown in red, nonbridging oxygen ligands (including 
water, hydroxide, and phosphate) complete the octahedral coordination geometry of each peripheral Co ion (blue) and are shown 
in light red. (a) Edge-sharing molecular cobaltate cluster (MCC) model for surface CoPi. (b) Corner-sharing cubane model for 
surface CoPi. (c) Edge-sharing MCC model for bulk CoPi. (d) Corner-sharing cubane model for bulk CoPi. Source: Ref.105. 

 

2.1.5. Nickel Manganese Oxide 

There have been a lot of investigations on NiOx
83,85,86 and MnOx

91–94 as catalyst for the OER. 

Additionally, different compounds of those materials such as NiFeOx, NiCoOx and FeMn attracted 

a lot of attention56–59. However, only a few publications focus on nickel manganese oxide 

(NixMnyOz) for electrochemical applications. Among them only two or three are related to water 

oxidation catalysis. Most of the other studies investigate the electro-catalytic activity in terms of 

current densities and overpotentials (always the case if talking about catalytic activity in this 

chapter) towards the oxidation of hydrocarbon, such as methane and benzene, and carbon 

monoxide as well as the decomposition of ozone. More studies can be found on lithium nickel 

manganese oxide as cathode material for Li ion batteries110–112. As early as in 2001, first studies 
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on the catalytic activity of NiMn2O4 spinel and NiMnO3 ilmenite were performed. Mehandjiev et 

al. found that the ilmenite structure has a better catalytic performance towards ozone 

decomposition, benzene and CO oxidation than its spinel counterpart113. A decade later, Hong et 

al. studied the catalytic activity of crystalline NiMnO3, which was prepared by introduction of the 

metal oxide into carbon paste. They compared the chemical and the electro-catalytic activity of 

the NiMnO3 to different MnOx catalysts114. Hereby, they investigated the O2 evolution rate for 

light-driven water oxidation using [Ru(bpy)3]SO4 and Na2S2O8 as photosensitizer and sacrificial 

oxidant, respectively. The O2 evolution rate for NiMnO3 of 19.2 µmol/s∙g is relatively high 

compared to 10.0 µmol/s∙g, 4.9 µmol/s∙g, and 2.0 µmol/s∙g for α-MnO2, Mn2O3, Mn3O4, 

respectively. The electrocatalysis was evaluated by comparing the anodic currents at 1.5 VSCE 

measured by cyclic voltammetry in buffer solution (pH 7.0), showing the highest current > 200 µA 

for NiMnO3. In a more recent study, Menezes et al. reported three different compositions of drop 

coated crystalline NixMnyOz with varying Ni/Mn ratio. All of these compounds showed lower 

electro-catalytic activity (current densities and overpotentials at 1 mA/cm2) than the NiO 

reference electrode itself, measured in 0.1 M KOH (pH 13). Furthermore, they reported higher 

activity for Ni-rich catalysts compared to Mn-rich ones115. Chemical water oxidation of these 

materials was performed in a phosphate buffer solution in the presence of [Ru(bpy)3]2+ as 

photosensitizer and S2O8
2- as two electron acceptor. The highest rate of oxygen evolution was 

exhibited by the nickel-rich Ni6MnO8, followed by MnNi2O4, NiMn2O4, and NiO. This activity trend 

is similar to the one observed by cyclic voltammetry, with the exception of NiO. This might be due 

to different bottle necks (e.g. energy position of the catalyst) for the simple catalyst film (in CV 

measurements) and the complex system including photosensitizer and sacrificial oxidant. The 

research activities mentioned above and theory predict that NixMnyOz is a promising material for 

water splitting, although carrying the risk that the performance of NiOx cannot be exceeded. A 

first principle study of the electronic structure and photocatalytic properties of NiMnO3 was 

published last year. They predict a high stability of NixMnyOz in alkaline solutions (pH > 8)116, which 

could make it a good protection layer for unstable photoelectrodes at high pH. This means 

NixMnyOz is not stable in acidic electrolyte. The Pourbaix diagram for pure manganese oxide 

shows a stable phase of MnO2 at all pH for water oxidation conditions. However the Pourbaix 

diagram for pure nickel oxide shows the dissolution of NiO for pH < 9, which limits the operating 

condition for the water oxidation using NixMnyOz. The low number of publications on NixMnyOz 

shows that there is still a lot to learn about this material and its application for water oxidation. 

Furthermore, both Ni and Mn are earth abundant and cheap materials and as can be seen in the 

volcano plot in Figure 2.2 good candidates for the OER. Maybe the combination of both oxides 

can exceed the efficiencies of the binary materials. Finally, NixMnyOz shows the OER favorable p-

type conductivity. The open questions that have to be addressed for this material are the 

influence of stoichiometry and structure of the films on the electrochemical performance as well 

as its possible application as co-catalyst on top of a photoanode, which will be discussed in 

chapter 4. 
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2.2. Principle of photoelectrochemical water splitting 

To directly split water with sunlight, a material that absorbs the sunlight is necessary. This 

photoabsorber then has to be brought in contact with water to finally split water. To better 

understand the processes involved in the photoelectrochemical (PEC) water splitting this chapter 

starts with explaining the concept of a semiconductor, followed by the description of the 

processes involved when the semiconductor is brought in contact with the electrolyte. Finally, 

the properties of BiVO4 as a photoanode are illustrated. 

 

2.2.1. Semiconductor photoelectrode 

 

Figure 2.4: Energy diagram of metals, semiconductors and insulators. 

 

In an isolated atom, electrons can have discrete energy levels. For example, the energy levels for 

an isolated hydrogen atom are given by the Bohr model. Considering two identical atoms that are 

far apart, the energy levels for a given quantum number consists of one doubly degenerated 

energy level. This means both atoms have exactly the same energy. If those two atoms get close 

to each other, the doubly degenerated energy level will split into two levels. Bonding and anti-

bonding orbitals are formed with opposite spins in order to fulfill Pauli’s exclusion principle. As 

more isolated atoms are brought together to form a solid, the orbitals of the outer electrons of 

different atoms overlap and interact with each other, forming discrete energy levels for each 

electron. These energy levels are so closely spaced, that they can be treated as quasi-continuum 

of states, which is called energy band. The energy bands are rather broad compared to the size 

of an electron. Therefore, the electrons are no longer coupled to their “parent” atom, but belong 

to the crystal as a whole. According to Pauli the energy states are filled from the lowest energy 

level to the highest. At a temperature of absolute zero, the lower bonding energy levels, the so-

called valence band, is completely filled with electrons, while the anti-bonding energy levels, 

called conduction band, are empty. In between those filled and empty energy bands is the energy 
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gap, the so-called bandgap. According to quantum mechanics no allowed energy states exist in 

this energy gap. Therefore, it is sometimes also referred as forbidden gap. Physically, the bandgap 

can also be seen as the energy that is required to break a bond in the semiconductor to free an 

electron, which is then able to move to the conduction band. 

Based on the size of the bandgap, materials can be categorized into three different classes (Figure 

2.4). Highly conducting materials are generally considered metals. In metals, the valence and the 

conduction band overlap. This means there is no forbidden bandgap, resulting in high availability 

and mobility of carriers. Therefore, current conduction can easily occur. In contrast, the valence 

electrons in insulators form strong bonds between neighboring atoms. This is reflected in a very 

large bandgap higher than 3 eV. This makes it almost impossible for electrons to be thermally 

excited from the valence to the conduction band at room temperature. Since there are almost no 

electrons in the conduction band, insulators show very low electric conductivity. Semiconductors 

can be found in between those two material classes. With bandgaps usually around 1 – 3 eV, it is 

still not possible to thermally excite a lot of electrons at room temperature to the conduction 

band. However, higher temperatures or photons from the visible light (~1.5 – 3 eV) can excite a 

significant amount of electrons from the valence to the conduction band and thereby leaving 

photo-generated holes behind. This photo-generation of electron-hole pairs is of high relevance 

for semiconductor applications such as solar cells or PEC cells. The probability that an electron 

occupies an electronic state with energy E at a certain temperature T can be described by the 

Fermi-Dirac distribution function f(E): 

            𝑓 (𝐸) =
1

𝑒𝑥𝑝(
𝐸−𝐸𝐹

𝑘∙𝑇
)+1

                                        (2.20) 

where k is the Boltzmann constant and 𝐸𝐹 is the Fermi level energy (marked as dashed line in the 

bandgap of the semiconductor in Figure 2.4). By definition, the Fermi level energy is the 

electrochemical potential of electrons in a semiconductor. One can also say it corresponds to the 

energy at which the probability of occupation by an electron is exactly one half. As mentioned 

above, at 𝑇 = 0 𝐾 the valence band is completely filled, while the conduction band is empty for 

an ideal intrinsic semiconductor. Therefore, the Fermi energy is exactly in the middle between 

valence and conduction band as illustrated in Figure 2.4. However, for temperatures higher than 

0 K, we can find an increasing fraction of thermally excited electrons in the conduction band, 

which is reflected in the Fermi-Dirac distribution. From the density of states in the valence and in 

the conduction band we can calculate the number of holes p and the number of electrons n, 

respectively. 

       𝑝 = 𝑁𝑣𝑒𝑥𝑝 (
𝐸𝑣−𝐸𝐹

𝑘𝑇
)  𝑤𝑖𝑡ℎ 𝑁𝑣 = 2 (

2𝜋𝑚ℎ
∗ 𝑘𝑇

ℎ2 )
3 2⁄

                            (2.21) 

                     𝑛 = 𝑁𝑐𝑒𝑥𝑝 (
𝐸𝐹−𝐸𝐶

𝑘𝑇
)  𝑤𝑖𝑡ℎ 𝑁𝑐 = 2 (

2𝜋𝑚𝑒
∗𝑘𝑇

ℎ2
)

3 2⁄

                            (2.22) 
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𝑁𝑣 and 𝑁𝑐 are the effective densities of states in the valence and the conduction band, 

respectively. 𝐸𝑣 and 𝐸𝑐 are the energy levels of the valence and the conduction band, respectively. 

𝑚ℎ
∗  and 𝑚𝑒

∗  are the effective masses of electrons and holes, respectively. K, h and T are the 

Boltzmann and the Planck constant and the temperature, respectively. 

 

Figure 2.5: Energy diagram of extrinsic n-type (left) and p-type (right) semiconductors, indicating the energy at the valence band 
maximum and the conduction band minimum, EV and EC, respectively. Furthermore, the Fermi level energy (EF) and the energy of 
the donor level (ED) for n-type semiconductors and the acceptor level (EA) for p-type semiconductors are shown. 

 

Although semiconductors have higher conductivity than insulators, in reality it is still too low for 

most applications. To increase the intrinsic conductivity, semiconductors can be doped with 

impurities. There are two different types of dopants due to their valency, as can be demonstrated 

on the example of silicon (Si). By replacing one Si atom, group IV in the periodic table, by 

phosphorous (P), group V in the periodic table, an excess valence electron is created in the dopant 

(equation 2.23)), which can be excited to the conduction band and therefore improves the 

conductivity of the semiconductor. This type of dopant is called donor, since it donates an extra 

electron to the semiconductor. The majority carriers in donor-doped semiconductors are 

electrons in the conduction band. Due to the addition of the negatively charged carriers, the 

semiconductor becomes n-type. Furthermore, the increase of electron filled energy states in the 

conduction band moves the Fermi energy closer to the conduction band (Figure 2.5). 

           𝐷0 ↔ 𝐷+ + 𝑒−                               (2.23) 

           𝐴0 ↔ 𝐴− + ℎ+                               (2.24) 

If Si is now doped with a lower valency atom such as boron (group III), there is one missing 

electron as illustrated in equation 2.24. Valence band electrons from the semiconductor can be 

excited to the dopant, creating holes in the valence band, which are mobile. Since the dopant 

accepts electrons from the semiconductor it is called acceptor. The majority carriers of those 
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acceptor-type semiconductors are positively charged holes in the valence band (p-type 

semiconductor), which causes the Fermi energy to move towards the valence band (Figure 2.5).  

In addition to affecting the conductivity, impurities (dopants) can also affect the chemical, optical 

and magnetic properties of the semiconductor, such as absorption and photoconductivity. The 

effect is sometimes desirable, but most of the time it is unwanted. Since impurities can also act 

as recombination centers, especially if the donor/acceptor level is lying deep within the bandgap. 

It is important to keep these aspects in mind, when doping semiconductors for different 

applications. For more information on semiconductor physics the reader is referred to several 

textbooks on this topic (e.g. Kittel117, Sze and Lee118, Sze and Ng119). 

 

2.2.2. Semiconductor/electrolyte junction 

For PEC water splitting, the semiconductor is brought in contact with an aqueous electrolyte and 

specific adsorption of protons and/or hydroxide species will take place at the semiconductor 

surface, forming a so-called Helmholtz layer. Hereby, a charge transfer reaction occurs between 

the semiconductor and the electrolyte until a thermodynamic equilibrium is reached and the 

Fermi energy of the semiconductor equals the redox potential of the active species in the 

electrolyte. For an n-type semiconductor this means electrons are transferred to the electrolyte 

until the equilibrium is reached as shown in Figure 2.6. 

 

Figure 2.6: The formation of a space charge region in an n-type semiconductor when placed into the electrolyte. a) shows the 
isolated band diagram of the semiconductor and the electrolyte. b) represents the band diagram after adjusting thermodynamic 
equilibrium.  

 

This charge transfer almost always results in an upward bending of the bands and the formation 

of a depletion layer, also called space charge layer, near the surface where the concentration of 

electrons is depleted. Due to the band bending, a potential drop φ𝑠𝑐  occurs in the space charge 

layer, resulting in an electric field. This is very important for charge separation in a photoanode, 



2. Theoretical background 

25 

thereby preventing recombination. The width of the space charge region W is described by the 

following equation: 

           𝑊 = √
2𝜀0𝜀𝑟

𝑒𝑁𝐷
(φ𝑠𝑐 −

𝑘𝑇

𝑞
)                                           (2.25) 

Where 𝜀0 and 𝜀𝑟 are the dielectric permittivity of vacuum and the relative dielectric permittivity 

of the semiconductor, respectively. 𝑁𝐷 is the concentration of ionized donors, q is the elementary 

charge, k is the Boltzmann constant and T the temperature. Under illumination, electron-hole 

pairs are generated in the semiconductor. Under open circuit conditions, the Fermi level rises by 

the amount of the internal photovoltage ΔVphoto that is generated. Since there is no 

thermodynamic equilibrium in the space-charge region anymore, the concept of quasi Fermi 

energies is applied, which describes the electrochemical potential of photo-generated electrons 

EF,n and holes EF,p separately (Figure 2.7). 

 

Figure 2.7: Energy diagram of an n-type semiconductor under illumination. 

 

Having the considerations made for the semiconductor/electrolyte interface under illumination 

in mind, we can describe the operating principle of a complete electrochemical cell with a simple 

configuration consisting of an n-type semiconductor and a metal counter electrode (Figure 2.8). 

Upon illumination, the photoanode absorbs the incident light with energies larger than its 

bandgap, generating electron-hole pairs. Those charge carriers are then either separated by drift 

or diffusion or they recombine again (detailed description in chapter 2.3). The photo-generated 

electrons move to the back contact and will be transported via an external circuit to the metal 

electrode, whereas the holes migrate to the semiconductor/electrolyte interface. For more 

information on the mechanism of PEC water splitting, several textbooks on this topic can be 

recommended17,120. 
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Figure 2.8: Simplified energy diagram of a photoelectrochemical cell consisting of an n-type semiconductor photoanode and a 
metal counter electrode. 

 

2.2.3. Bismuth Vanadate as a photoanode material 

One of the most successful ternary oxides for PEC water splitting is bismuth vanadate (BiVO4). It 

has a bandgap of 2.4 eV (Figure 1.6), which gives a theoretical maximum STH efficiency of 9.2 %. 

A lot of research has been done on this material during the last years. In 1998 Kudo et al. first 

reported the photocatalytic properties of the monoclinic scheelite structure of BiVO4
121 (Figure 

2.9).  

 

Figure 2.9: Monoclinic scheelite structure of polymorph BiVO4, with each Bi3+ in blue dodecahedrally coordinated by eight oxygen 
anions (red) and  each V ion (yellow) is tetrahedrally coordinated by four O atoms. Source: Ref.122. 

 

However, almost a decade passed before appreciable photocurrents and quantum efficiencies 

could be determined by Sayama et al.123. The scheelite structure contains of V ions coordinated 
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by eight O atoms from eight different VO4 tetrahedral units (Figure 2.9). The high photocatalytic 

activity of the monoclinic scheelite structure of BiVO4 has been attributed to its distortion in the 

local environment of Bi and V, which enhances the local polarization and thereby improving the 

charge carrier separation124. Besides, the smaller bandgap compared to other structures of BiVO4 

(i.e. zircon structure), results in a higher photon absorption. Although there is a sufficient charge 

separation taking place in the scheelite, poor electron transport due to limited overlap between 

the V 3d-V 3d and V 3d-Bi 6p orbitals in the conduction band limits the photocurrent37. Other 

than the bandgap, the carrier diffusion length, which physically represents the average distance 

carriers can move until they recombine, is also a critical property for good PEC semiconductors. 

For BiVO4, this was calculated from time-resolved microwave conductivity measurements to be 

70 nm125.  
2
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Figure 2.10: The total number of research articles published on BiVO4 per year are shown as green columns (scale on the left). 
This is directly correlated to the increase in photocurrent achieved over the last years (scale on the right). Only the highest 
photocurrents reached each year are displayed in the graph. 

 

To further improve the efficiency of BiVO4 different strategies can be applied. First of all, doping 

with W6+ or Mo6+ to replace V5+ increases the electronic conductivity and therefore the carrier 

collection efficiency46,126. Another implemented strategy to improve the performance of BiVO4 is 

to modify the surface with a co-catalyst, such as CoPi46,53,127, FeOOH or NiOOH44. In fact, all of the 

high performing BiVO4 photoelectrodes (Figure 2.10) employ co-catalyst deposition to achieve 

high photocurrents. This enhancement could either be caused by improved reaction kinetics at 

the semiconductor/liquid interface or by reduced surface recombination due to either increasing 

the band bending or passivating surface states. This aspect will be addressed in section 4.3. 
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2.3. Charge carrier kinetics in PEC cells 

2.3.1. Theoretical considerations 

In a semiconductor/liquid junction PEC device, there are three main processes involved in the 

water oxidation (Figure 2.11). The first process is the carrier generation through light absorption. 

Photons that have an energy higher than the bandgap, contribute to the generation of electron-

hole pairs. This process occurs throughout the entire thickness of the semiconductor—provided 

that the absorption length is larger than the thickness—according to the Lambert-Beer law128. 

The second process is charge carrier transport, i.e. the electron-hole pairs that are generated 

need to be separated from each other. This process is most effective in the so-called space charge 

region, due to the presence of an electric field. The drift transport mechanism is therefore 

dominant in this region. In the bulk, the carrier transport is dominated by diffusion. Therefore, 

carrier transport is limited by the carrier diffusion length of the semiconductor. Carriers that are 

generated deep in the bulk of the semiconductor, with a distance to the space charge region 

larger than the carrier diffusion length, simply recombine. Finally, once the carriers are able to be 

transported to the surface (or interface), the final process is determined by thermodynamics and 

kinetics for charge transfer. For an n-type semiconductor, four holes have to be transferred over 

the semiconductor/electrolyte interface to oxidize water. Ideally, these four hole transfers occur 

within the same timescale, which means not a single transfer process is limiting. However, this is 

rather unlikely; one intermediate process (or more) is typically much slower than the others, 

resulting in overall slow oxygen evolution kinetics.  

 

Figure 2.11: Different processes involved in the PEC water splitting demonstrated by the water oxidation with an n-type 
semiconductor. 

 

The slow oxygen evolution kinetics has been shown to be easily solved by applying an OER catalyst 

to the semiconductor surface. This usually results in two visible effects in the current-voltage 

diagram: (i) the onset potential for the OER is shifted to more negative (cathodic) potentials, and 
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(ii) the photocurrent density is significantly increased. This type of enhancement has been shown 

in numerous publications43–46,49–51,59,129,130.  

Despite the observed beneficial effects, the role of a co-catalyst on a photo-active absorber has 

not been fully understood. The exact energy and charge transfer processes at the 

semiconductor/catalyst and semiconductor/catalyst/electrolyte interface are subject of recent 

research.  

In general, a co-catalyst is expected to lower the activation energy for water oxidation by 

providing more efficient pathways for holes and therefore increasing the kinetics and reducing 

the required overpotential. However, other properties can be significantly affected by the 

introduction of surface modification layers, such as co-catalysts. For example, co-catalysts can 

also increase the photocatalytic performance by reducing the surface recombination. This can 

occur due to simply passivating the recombination centers at the surface. Another possibility 

would be a change in band bending, which increases the electric field in the space charge region 

and subsequently increases the charge separation. In order to elucidate on this role, techniques 

that are capable of distinguishing between these different processes are needed. Unfortunately, 

standard photoelectrochemical measurements, such as cyclic voltammetry, potential step, and 

AC impedance, are limited in their capabilities. One possible technique is intensity modulated 

photocurrent spectroscopy (IMPS), which is described in the following section. 

 

2.3.2. Intensity modulated photocurrent spectroscopy (IMPS) 

IMPS is a very powerful method to analyze the mechanism at the semiconductor/electrolyte and 

the semiconductor/co-catalyst/electrolyte interface. This technique is becoming very important 

to demonstrate the limiting factors for water oxidation and to reveal insights into the interaction 

of the photoactive semiconductor and the co-catalyst. This technique has been introduced as 

early as 1983, when Peter et al. started a series of studies on the surface recombination at 

semiconductor electrodes. They described the basics of the surface processes at the 

semiconductor/liquid interface and demonstrated the possible experimental techniques on p-

GaP and n-GaAs131–134. Recently, there is an increasing number of publication using IMPS to 

differentiate between the processes taking place at the surface for different photoactive 

materials such as Fe2O3 and their modification with co-catalysts135–138. 

Water oxidation photocurrent in semiconductor photoelectrodes is a product of the illumination 

intensity, φ, the charge q, the light harvesting efficiency, ηLH, the bulk charge separation 

efficiency, ηCS, and the charge-transfer efficiency from the semiconductor to the electrolyte, ηCT 

(sometimes called the injection efficiency). 

           𝐽𝑝ℎ = 𝜙𝑞𝜂𝐿𝐻𝜂𝐶𝑆𝜂𝐶𝑇                                           (2.26) 
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As mentioned earlier, the deposition of co-catalysts on the photoanode surface has been shown 

to either significantly improve the charge transfer (catalysis), to suppress the surface 

recombination, or to affect the band bending, all of which affects CT and/or CS. In order to 

determine which surface processes are affected, a measurement technique capable of de-

convoluting the charge transfer processes is needed.  When studying metal/electrolyte interfaces, 

methods based on potential variation, such as electrochemical impedance spectroscopy (EIS), are 

generally used to periodically modulate the reaction rates and in this way study the kinetics of 

charge transfer processes. However, these methods are not directly applicable for the 

semiconductor/electrolyte interface, since the potential variations appear mainly across the 

space charge region of the semiconductor rather than across the Helmholtz layer. 

 

Figure 2.12: Simplified model of the elementary processes in an n-type semiconductor photoelectrode. Upon illumination, photo-
excited carriers move towards the semiconductor/electrolyte interface, where either charge transfer (ktr) or recombination (krec) 
takes place under reverse bias. In this model, charge transfer and recombination are depicted to occur via the same surface 
states139. 

 

Therefore, in IMPS, a modulation of the light intensity is used to modulate the surface 

concentration of the photo-generated carriers, while keeping the band bending (nearly) constant. 

The concentration of one of the reactants is therefore modulated instead of the reaction rate 

itself. A simplified model, illustrated by Figure 2.12, is used to analyze the competition between 

hole transfer and surface recombination at the semiconductor/electrolyte interface and to 

extract the reaction rate constants140. The small amplitude modulation of the light intensity 

results in a modulation of the photocurrent with the same frequency, but generally different 

magnitude and phase. The modulated photocurrent response consists of the sum of the hole 

current (minority carriers) and the electron current (majority carriers). The latter may precede or 

lag behind the hole current and has the opposite sign. These in-phase and out-of-phase 

components result in a real and imaginary part of the photocurrent which can be plotted in a 

Nyquist plot.  
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Figure 2.13: Theoretical presentation of the IMPS spectra to illustrate the calculation and interpretation of the recombination and 
the charge transfer rate constant. 

 

At low frequencies, this gives a semicircle that is located in the upper quadrant of the complex 

plane, see Figure 2.13. This part is called the “recombination semicircle” because the shape of the 

semicircle is largely dominated by recombination. The imaginary photocurrent reaches a 

maximum when the frequency matches the characteristic relaxation constant of the system. 

           𝜔𝑚𝑎𝑥 = 𝑘𝑡𝑟 + 𝑘𝑟𝑒𝑐                                           (2.27) 

Here, ktr and krec are pseudo-first order charge transfer and recombination rate constants (s-1), 

respectively. The high and low frequency intercepts with the x-axis (imaginary current = 0) 

correspond to the initial maximum (spike) and the steady state photocurrents in a photocurrent 

transient plot, respectively. At the high frequency intercept, the recombination is “frozen” due to 

fast modulation, which means that the measured current is equal to the hole current (the 

intercept is 1 when the photocurrent is normalized against the hole current). In more realistic 

considerations each spectrum is normalized to assure that the high frequency intercept with the 

real axis corresponds to 𝐶𝑆𝐶/(𝐶𝑆𝐶 + 𝐶𝐻), where CSC is the space charge capacitance, estimated 

based on the lower quadrant semicircle (Figure 2.13) that represents the attenuation by the total 

series resistance of the cell and the combined space charge and Helmholtz capacitances of the 

sample, and is usually referred to as the RC time constant of the cell140. Hereby, the frequency at 

the minimum ωmin corresponds to the product of the series resistance of the cell Rcell and CSC 

(𝜔𝑚𝑖𝑛 = 𝑅𝑐𝑒𝑙𝑙 ∙ 𝐶𝑆𝐶). The Helmholtz capacitance CH is assumed to be 20 μF/cm2, but can usually 

even be neglected for standard materials with moderate charge carrier density. The low 

frequency intercept then represents the fraction of the transferred hole flux to the overall surface 
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processes (hole transfer and recombination). This is none other than the charge transfer 

efficiency, 

           𝜂𝐶𝑇 =
𝑘𝑡𝑟

𝑘𝑡𝑟+𝑘𝑟𝑒𝑐
                                            (2.28) 

, which describes the fraction of hole flux from the space charge region that is involved in the 

charge transfer reaction. It is important to note that the model is based on three main 

assumptions. First, bulk processes (e.g., band-to-band recombination, trapping) are assumed to 

be invisible. This is true if bulk recombination occurs before significant charge separation can take 

place, as the latter will lead to displacement currents. Since bulk recombination processes are 

much faster (typically < 100 ns) than surface processes (typically 100 µs – 1 s), this assumption is 

likely to hold. Secondly, the relevant processes should occur on the same time scale as the IMPS 

measurements, which is indeed the case for most surface recombination processes. Finally, the 

band bending is assumed to remain constant during the modulated illumination. This is true if the 

space charge capacitance and the density of majority carriers do not change significantly during 

the modulation of the light intensity. For the modest modulation depth used in this thesis (15 %), 

this assumption is also reasonable. Further details on the theory of IMPS can be found in the 

literature133,140–142. 

The considerations above illustrate that IMPS can be a very useful technique to get insights into 

the processes at the semiconductor/co-catalyst/electrolyte interface under illumination and 

applied bias. Its implications on the BiVO4/co-catalyst system will be discussed in chapter 4.3. 
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3. Experimental section 

3.1. Sample preparation 

3.1.1. Substrate cleaning 

FTO-coated glass (TEC-7, 7Ω/□, Pilkington) was used as substrate for all depositions of BiVO4 

photoanodes and dark CoPi, RuOx and NixMnyOz electrocatalysts. For structural analysis such as 

X-ray diffraction corning eagle XG glass substrates were used. Prior to deposition, the substrates 

were cleaned in three successive steps of 15-min ultrasonic rinsing in Triton X-100 solution (10 

vol%), acetone and ethanol. 

 

3.1.2. BiVO4 photoanodes 

Thin films of BiVO4 were deposited by spray pyrolysis. Bi(NO3)3∙5H2O (98 %, Alfa Aesar) and 

VO(AcAc) (99 %, Alfa Aesar) were dissolved in acetic acid (98 %, Sigma Aldrich) and absolute 

ethanol (Sigma Aldrich), respectively. The Bi solution was then added to the V solution (Bi:V = 1:1), 

and the mixture was diluted to 4 mM with excess ethanol. The acetic acid to ethanol volume ratio 

in the final solution is 1:9. The final solution was then ultrasonicated for 15 minutes. The films 

were sprayed onto FTO substrates, which were heated to 450 °C during deposition. The spray 

deposition was performed in an automated spray setup with a Quickmist air atomizing spray 

nozzle driven by an overpressure of 0.06 MPa of N2 gas. A schematic illustration of the spray 

deposition setup is shown in Figure 3.1. The precursor solution was fed to the nozzle via the 

siphoning effect induced by the N2 gas flow and sprayed in a pulsed deposition mode onto the 

FTO, with one spray cycle consisting of 5 s spray time followed by 55 s delay time to allow the 

solvent to evaporate. In order to prevent large droplets from falling onto the substrate when 

switching the BiVO4 flow on or off via line 1, gas was flown through line 2 before and after starting 

and stopping line 1 (Figure 3.1). In general, a total of ~100 cycles was necessary to consume all 

precursor solution for the film deposition. In our spray pyrolysis setup, the nozzle-substrate 

distance, as well as the distance between the nozzle and the precursor solution was kept at 20 cm 

for the BiVO4 deposition. 

Prior to deposition of BiVO4, a ~80 nm SnO2 interfacial layer was sprayed onto the FTO substrate 

to prevent recombination at the FTO/BiVO4 interface. A precursor solution consisting of a 

0.1 M SnCl4 (99 %, Acros Organics) solution dissolved in ethyl acetate (99.5 %. J. T. Baker) was 

deposited in a gravity-assisted siphoning mode (the precursor solution was placed 30 cm above 

the nozzle) onto the FTO substrate. The FTO was held at 425 °C, and five spray cycles (5 s on, 55 

s off) were performed. 

After deposition, the SnO2/BiVO4 films were annealed for 2 h at 450 °C in a tube furnace under 

the flow of synthetic air (20% O2, 80% N2). 
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Figure 3.1: Schematic diagram of the spray deposition setup. 

 

3.1.3. CoPi catalyst 

The CoPi catalyst was electrodeposited (in the dark) onto either a bare FTO substrate (for the 

analysis of the dark electrocatalyst) or a BiVO4 photoanode (for the investigation of CoPi as co-

catalyst) in an electrochemical cell using a three-electrode configuration, according to the recipe 

of Kanan and Nocera47. The electrochemical cell was also used for measurement purposes and 

described in more detail in chapter 3.2.1. The electrolyte is made by dissolving 

0.5 mM Co(NO3)2∙6H2O (99 %, Acros Organics) in a 0.1 M potassium phosphate (KPi) buffer 

solution, which was made by dissolving 0.034 M KH2PO4 and 0.066 M K2HPO4 to obtain pH ~7. 

The potential of the working electrode was controlled by a potentiostat (EG&G PAR 283). A coiled 

Pt wire and an Ag/AgCl electrode (XR300, saturated KCl/AgCl solution, Radiometer Analytical) 

were used as the counter and reference electrodes, respectively. The electrodeposition was 

performed at a constant voltage of 1.1 VNHE (1.5 VRHE) for 30 or 900 s for co-catalyst or 

electrocatalyst deposition, respectively. 

 

3.1.4. NixMnyOz catalysts 

A KrF excimer laser (Spectra-Physics) operating at 248 nm with a pulse duration of 20 ns was used 

to deposit NixMnyOz films of different stoichiometry. The beam was focused through a 40 cm lens 

onto commercial one inch targets of MnO/Mn2O3 and NiO with a laser fluence of 2 J/cm2 on the 

target surface. The targets were rotated during deposition. The depositions were performed at 
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room temperature on 2” x 2” Corning’s Eagle XG glass substrates or on FTO coated glass. The 

substrate-target distance was maintained at 50 mm. The base pressure was 10−9 − 10−8 mbar 

prior to deposition and a pressure of 0.03 mbar under oxygen atmosphere was set during the 

deposition to obtain the NixMnyOz films. The laser pulse repetition rate was 40 Hz for all 

depositions. Prior to the deposition the targets were cleaned by a pre-burn, which means the 

laser was fired onto the targets with the shutter still in place to shield the ablated target material 

from the substrate.  

The deposition of the films was done layer-by-layer, starting with 30 laser pulses on the NiO target 

followed by 30 laser pulses on the MnO/MnO2 target. This cycle was repeated for 50 times to 

obtain a 10 nm thick Ni0.5Mn0.5Ox catalyst film. To deposit films with different compositions, the 

number of laser pulses per repetition cycle on the respective target was varied to achieve a 

conformal film with a single composition. A film with a compositional gradient can also be 

obtained with this PLD system. Therefore, the targets were inclined at ~30° to the substrate 

normal to achieve a 2D composition gradient. Finally, to make sure that we have a good contact 

for electrochemical measurements after PLD of NixMnyOz, the edges of the FTO back contact were 

masked.  

 

3.1.5. RuOx catalyst 

The RuOx catalyst was photoelectrodeposited onto the surface of BiVO4 in the same 

electrochemical cell that was used for the CoPi deposition (see chapter 3.1.3 and 3.2.1). Based on 

the recipes from Gui and Tsuji143,144, an aqueous solution of 5 mM RuCl3 (Ru content 45-55%, 

Sigma Aldrich) was used as the deposition bath with pH ~7. The photo-electrodeposition was 

performed under AM 1.5 solar simulated illumination (Wacom Co., Ltd.; WXS-50S-5H, Am 1.5G) 

at a constant potential of 0.6 VNHE (1.0 VRHE) for 400 s. 
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3.2. Analysis methods 

3.2.1. Electrochemical measurements 

Electrochemical measurements represent a major part in this work to characterize the 

synthesized catalysts and photoanode/co-catalyst systems. In this chapter, the applied 

electrochemical experiments and methods with the relevant parameters are briefly described. A 

more detailed description of the techniques can be found elsewhere145–147. 

 

3.2.1.1. Cyclic voltammetry 

Cyclic voltammetry is one of the most frequently used electrochemical measurement techniques. 

It allows a thermodynamic and kinetic examination of electrode processes as a function of applied 

potential and time. In a standard experiment a dynamic potential is constantly increased with a 

defined speed (scan rate) towards the upper vertex potential (anodic scan) and subsequently 

decreased until the lower vertex potential is reached (cathodic scan). The current flow generated 

by the system is simultaneously recorded. In electrocatalysis this experiment provides 

information about the activity of a catalyst (e.g., onset potential and shape of the catalytic current 

curve), electrode surface processes (e.g., oxidation or reduction, their kinetics and reversibility), 

the double layer capacitance (current as function of the scan rate), the stability of the electrode 

(current as function of the number of scans) and many more. For example, a typical CV diagram 

of NiOx is shown in Figure 3.2a; the most important features are labeled accordingly.  
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Figure 3.2: a) Typical CV diagram of a NiOx electrode with the most important features labeled. The red line represents the iR-
corrected current density curve, while the blackline shows the current density as function of the applied potential without any iR-
compensation.  b) Typical impedance spectrum of a NiOx electrode, with the setup resistance RΩ labeled. The Randles equivalent 
circuit is schematically illustrated on the right hand side of the graph. 
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In order to have a good comparison between different catalysts, the CV measurements need to 

reflect the “true” performance of the catalyst and not dependent on the measurement setup. 

However, in such a measurement setup, an additional iR-drop usually exists, which is a potential 

decrease caused by ohmic resistance within the electrochemical cell, including wires, substrate, 

electrolyte, etc. Therefore, the potential at the electrode/electrolyte interface is smaller than the 

potential applied at the potentiostat, and consequently, the current response is not exactly 

correlated to the applied potential. The higher the ohmic resistance of the electrochemical cell is, 

the higher the corresponding iR-drop of the i-V curve. This can be compensated using the 

following equation:  

𝐸𝑟𝑒𝑎𝑙 = 𝐸𝑎𝑝𝑝𝑙𝑖𝑒𝑑 − 𝑖 ∙ 𝑅Ω                                                             (3.1) 

Ereal  [V] describes the actual potential at the working electrode, which can be determined from 

the potential that is applied at the potentiostat, Eapplied  [V], subtracted by the absolute current i 

[A] at Eapplied and the series resistance of the setup RΩ  [Ω]. The magnitude of RΩ can be estimated 

by ac impedance spectroscopy taken in a frequency range from 1 MHz to 10 Hz at the open-circuit 

potential with an amplitude of 10 mV. Figure 3.2b shows the high frequency end of a typical 

impedance spectrum of a NiOx electrode. At very high frequencies ω the resistance of the double 

layer capacitance Cdl reaches zero and the whole impedance signal Zf can be attributed to the 

setup resistance RΩ according the so called Randles equivalent circuit of the electrochemical half-

cell. Thus, the offset of the high frequency end (the x-axis intercept in a complex impedance plot, 

see Figure 3.2b) of the impedance spectrum represents RΩ. With this the iR-drop can be 

compensated. To minimize RΩ, it is recommended to use a highly conductive substrate and to 

place the reference electrode close to the sample surface during the measurements.  

The CV measurements for the NixMnyOz were performed in an electrochemical cell in a 

conventional three electrode configuration. The sample represents the working electrode 

surrounded by a platinum counter electrode (CE) and a commercial Ag/AgCl reference electrode 

(Radiometer Analytical, 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙
0  = 0.199 VRHE) all placed in a glass beaker. The samples were 

contacted via a copper wire glued with silver paint (Ted Pella Pelco colloidal silver paint) to a 

conductive FTO back contact. The silver glue and the samples edges were isolated with epoxy glue 

(Loctite Hysol 9462), which is stable in alkaline solutions upon drying out overnight. The 

respective isolated sample area was measured with a conventional flatbed scanner. The electrode 

sizes were usually around 0.50 ± 0.15 cm2. Preliminary tests were performed in pH ~0, pH ~7 and 

ph ~14. The main measurements were then carried out in an aqueous solution of 1 M KOH (pH 

~14), that was flushed with Argon and stirred with a magnetic stirrer on a stirring plate. Potential 

control and current measurement were done using Solartron SI 1287 potentiostat operated with 

the CorrWare software by Scribner Associates Inc.. 
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Figure 3.3: Schematic drawing of the PEC cell, used for CV, in-situ UV-Vis and IMPS measurements. 

 

All other CV measurements reported in this thesis (CoPi on FTO, BiVO4, and co-catalyst modified 

BiVO4) were also performed in a three electrode configuration, where the only difference was the 

cell design. Instead of a simple glass beaker a self-designed PEC cell was used (Figure 3.3). The 

sample was contacted with a silver wire fixed with conducting silver tape to the conducting FTO 

back contact and clamped to the back of the PEC cell. The O-ring at the front of the sample defines 

the electrode area of 0.283 cm2. The quartz window at the front of the cell allows illumination of 

the sample surface. All measurements carried out for BiVO4 and/or CoPi were performed in 30 ml 

aqueous solution of 0.1 M KPi (buffer, pH ~7). 

In this work, all potentials are given with respect to the reversible hydrogen electrode (RHE) 

regarding the following equation: 

𝐸𝑅𝐻𝐸 = 𝐸𝑎𝑝𝑝𝑙𝑖𝑒𝑑 + 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙
0 + 𝑝𝐻 ∙ 0.059 𝑉                                    (3.2) 

 

3.2.1.2. Stability test 

To evaluate the stability of the NixMnyOz catalysts galvanostatic measurements at a current 

density of j = 1 mA/cm² were performed for two hours. Figure 3.4 shows the schematic diagram 

of the setup consisting of a 100 ml glass beaker filled with 60 ml of 1 M KOH, an Ag/AgCl reference 

electrode, a platinum counter electrode and the catalyst deposited on FTO as working electrode. 

To limit diffusion losses and prevent O2 bubble formation at the electrode surface that could 

possibly block the active centers of the catalyst, the working electrode was rotated with a 
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constant speed of ~400 rpm during the stability test. A Versa Stat 3 potentiostat from Princeton 

Applied Research was used to set a constant current and record the corresponding potential. 

 

Figure 3.4: Schematic drawing of the measurement setup that was used to determine the stability. The working electrode (WE) is 
rotated with a speed of ~400 rpm. A platinum wire was used as counter electrode (CE) and a Ag/AgCl electrode as reference. 

 

3.2.2. IMPS 

IMPS and photocurrent measurements were carried out in an aqueous solution of 0.1 M KPi 

(buffer, pH ~ 7). The measurements were performed on bare and co-catalyzed BiVO4 for a bias 

range of 0.6 to 1.5 VRHE and a frequency range of 1 Hz to 10 kHz in the same electrochemical cell 

described above (Figure 3.3). IMPS measurements were performed with modulated illumination 

provided by a light-emitting diode with a wavelength of 455 nm (Thorlabs M455L3) driven by an 

LED driver (Thorlabs DC2100). Using a beam splitter, the light was split into two beams: one onto 

the PEC cell, and the other onto a high-speed Si photodiode (Thorlabs PDA10A-EC). The signal 

output of a frequency response analyzer (FRA, Solartron 1250, Schlumberger) was used to 

modulate the light intensity sinusoidally, with a rms amplitude of 0.6 mW/cm2 superimposed on 

a 4 mW/cm2 DC background intensity. A EG&G PAR 283 potentiostat was used to control the 

potential, and its current monitor output was fed into channel 1 of the FRA. The voltage signal of 

the high-speed Si photodiode was fed into channel 2 of the FRA. The FRA then reported the real 

and imaginary components of the opto-electrical impedance of the sample by dividing the 

measured photocurrent density (jphoto) through the voltage of the Si photodiode 

(channel 1/channel 2). This can be converted to the absolute photocurrent density by multiplying 

with a conversion factor. The conversion factor was determined by measuring the absolute 



3. Experimental section 

40 

intensity of the light using a calibrated photodiode (PD300UV + Ophir Nova II), and the voltage 

reading of the high-speed Si photodiode. The conversion factor was found to be 0.00314. For 

calculations of the recombination rate constant krec and the charge transfer rate constant ktr at 

the electrode surface, we normalized each complex IMPS plot assuring that the high frequency 

intercept with the real axis corresponds to 𝐶𝐻/(𝐶𝑆𝐶 + 𝐶𝐻), where CSC is the space charge 

capacitance and CH is the Helmholtz capacitance, as described in chapter 2.3.2. Hereby we assume 

CH = 20 µF/cm2 and CSC is calculated using the resistance of the sample as discussed in chapter 

2.3.2. A schematic diagram of the setup is shown in Figure 3.5. 

 

 
Figure 3.5: Schematic diagram of the intensity modulated photocurrent spectroscopy (IMPS) setup. Modulated illumination is 
provided by a light emitting diode (λ = 455 nm), and the modulated photocurrent response of the sample is measured and 
analyzed. 

 

The photocurrent-voltage measurements were performed using the same setup. The sample area 

is 0.283 cm2. The 455 nm LED light source was chopped by applying a square wave with a 

frequency of 0.1 Hz. 

 

 

 

3.2.3. In-situ UV-Vis spectroscopy 

The setup for the in-situ UV-Vis measurements, shown in Figure 3.6, consists of a deuterium-

halogen lamp (Mikropack DH-2000-BAL), which was used as light source, a conventional 

electrochemical cell with the investigated sample (e.g., BiVO4, CoPi) as the working electrode and 
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a high sensitivity spectrometer (Ocean Optics Maya 2000 PRO), which recorded the spectra 

transmitted through the sample. Optical fibers (Oceanoptics QP200-2-SR/BX) were used to guide 

the light from the deuterium-halogen lamp through the electrochemical cell and onto the 

spectrometer. The measured transmitted spectra were divided by the reference spectrum to 

obtain the relative changes in the light absorption (ΔA) as a function of applied potential and the 

wavelength of the light. The reference spectrum was measured in the same cell prior to starting 

the experiment. The I-V or I-t curves are recorded in parallel with a EG&G PAR 273 potentiostat. 

Matlab scripts were used to analyze the data and implement fitting procedures for the spectra. 

For CoPi on BiVO4, a bias light (Thorlabs LED, 365 nm; 4.4 mW/cm2) was also illuminated onto the 

sample to photo-excite BiVO4. 

 

Figure 3.6: Schematic diagram of the in-situ UV-Vis spectroscopy setup. 

 

3.2.4. Other methods 

3.2.4.1. UV-Vis spectroscopy 

To determine the optical efficiency of the electrocatalysts, the samples were measured by UV-Vis 

spectroscopy with a LAMBDA 950 UV/VIS/NIR-Spektrometer of PerkinElmer. A deuterium (UV) 

and a tungsten lamp (Vis, NIR) act as light sources. To monochromatize the light radiation, a 

holographic grid with 1440 lines per mm is used. A photomultiplier R6872 (UV/VIS, 

resolution ≤ 0.20 nm) and a Peltier-cooled PbS-detector (NIR, resolution ≤ 0.20 nm) are used to 

detect the final light intensity. The transmission measurements were performed with a step width 

of 2 nm in a wavelength region between 300 – 1000 nm. 
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3.2.4.2. X-ray diffraction (XRD) 

Grazing incidence XRD measurements with a grazing angle of 0.5° between the X-ray beam and 

the film surface were collected, using a Rigaku (D/Max-2500 with Cu-Kα radiation, λ = 1.5418 Å) 

for the 5-15 nm thick films of the different NixMnyOz compositions. X-ray diffraction is based on 

Bragg’s law: 

𝑛 ∙ 𝜆 = 2𝑑 ∙ sin 𝜃                                                             (3.3) 

where n is a positive integer, λ is the wavelength of the incident radiation [Å], d is the lattice plane 

distance [Å] and θ is the angle of the incident radiation based on the considered lattice plane. 

Under gracing incidence conditions, the position of the X-ray beam was kept constant and the 

energy dispersive detector scanned the selected 2θ range. For those angles θ, where Bragg’s law 

is fulfilled, a part of the radiation is diffracted and can be detected. In this geometry, 

diffractograms of thin films can be recorded. To analyze the measured diffractograms, reference 

files from the Joint Committee on Powder Diffraction Standards (JCPDS-NBS) were used to 

identify the crystal structure of the samples. 

 

3.2.4.3. X-ray photoelectron spectroscopy (XPS) and Ultraviolet photoelectron 

spectroscopy (UPS) 

Electrocatalysis is dominated by the interaction of the catalysts surface with the liquid. To get an 

inside to the composition of the sample surface as well as its oxidation state and/or its binding 

properties, the non-destructive XPS technique is a very suitable method. In this method the 

sample surface is radiated with X-rays. As every element contains a different number of protons 

in the atomic nucleus, the binding energies of the core electrons are very distinct for every 

element and can be used for their identification. Relaxation processes can also influence the 

binding energy and cause a chemical shift to lower or higher binding energies, which can be used 

to determine the different oxidation states of the specific elements. Using the principle of the 

photoelectric effect, an X-ray photon of known energy (hν) hits the sample and interacts with a 

core electron of one of the sample’s atoms or ions, which leads to the ejection of the electron 

(also called the photoelectron). The kinetic energy of the photoelectron (Ekin) is then detected by 

a spectrometer with a fixed work function (𝛷𝑠). The binding energy of the photoelectron (Ebinding), 

which is used to identify our catalyst, can therefore be calculated based on the following 

equation: 

𝐸𝑘𝑖𝑛 = ℎ𝜈 − 𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 − 𝛷𝑠                                       (3.4) 

The XPS measurements in this work were performed with a hemispherical analyzer (SPECS 

PHOIBOS 100) and a monochromatic X-ray source (SPECS FOCUS 500 monochromator) equipped 

to a UHV chamber. The X-rays are generated by exciting Al Kα radiation (hν = 1486.74 eV). The 

fine spectra were collected at a normal angle from the surface. The pass energy was set to 10 eV 
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with step sizes of 0.05 eV. The photoemission lines were fitted with Voigt profiles using a Shirley 

background using the software Unifit 2013 (Unifit Scientific Software GmbH) to determine the 

ratio of different oxidation states. Care was taken in evaluating the spectra, by ensuring that there 

are physical justifications for each included peak.  

To measure the work function and the valence band edge of the catalyst thin films. UPS 

measurements were performed. With UPS the density of states is analyzed by applying an 

excitation light energy in the ultraviolet spectral region, which is only able to resolve valence 

electrons. Theses energies are also accessible with XPS, but the resolution of the photoelectrons 

can be much higher for UPS by choosing a light source with suitable kinetic energy.  

The UPS measurements in this work were performed in the same UHV chamber that was used for 

the XPS measurements using the same hemispherical analyzer (SPECS PHOIBOS 100), but a 

different monochromatic UV light source (SPECS UVS 10/35), consisting of a He-I source 

(hν = 21.22 eV). The pass energy was set to 2 eV with step sizes of 0.025 eV. To separate the low 

energy cut-off from the spectrometer response the sample was electrically biased with -2 V. 

 

3.2.4.4. Scanning electron microscopy (SEM) and energy-dispersive X-ray 

spectroscopy (EDX) 

The morphology and the thickness of the catalyst electrodes were determined with the LEO 1530 

Gemini scanning electron microscope of Zeiss. The electrons were accelerated with 10 keV 

towards the sample and signals were recorded in the InLens detector mode. The microscope is 

also equipped with a detector system for the energy-dispersive X-ray (EDX) analysis, to locally 

resolve the chemical composition of the films. The EDX analysis can quantitatively be realized 

starting from an atomic number of 11 (sodium), while qualitative analysis can already be 

performed for atomic numbers of 5 (boron). The X-ray emission spectrum is recorded with a 

nitrogen cooled semiconductor detector manufactured by Thermo Scientific. 

 

3.2.4.5. X-ray fluorescence (XRF) 

XRF was used to analyze the elemental composition of the NixMnyOz thin films. Hereby, the 

material is excited by bombarding with high-energy X-rays or gamma rays to emit secondary or 

fluorescent radiation in form of a photon with a characteristic energy for a specific element. This 

means when an atom is struck by a primary X-ray source with high enough energy, electrons are 

dislodged from the inner shell and are replaced by electrons from the outer shell to stabilize the 

atom. The excess energy released by these atoms when filling the vacancy left in the inner shell 

is the fluorescent X-ray. These movements of electrons in and out of the different shells (K, L, M, 

etc.) are reflected in peaks with different intensities that appear in the XRF spectra. The peak 

energy is indicative of the particular element while the peak width determines its concentration. 

The intensity of each characteristic radiation, which can be either separated by the energies of 
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the photons or by its wavelengths, is directly related to the amount of each element in the 

material. 

In this work, XRF measurements were performed using a Fischer XDV-SDD instrument with a 

silicon drift detector to obtain the Mn/Ni ratios of the NixMnyOz films. The micro-focus X-ray tube 

with W-anode and beryllium window was operated with 2 kV during the measurements 

performed in this thesis. 
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4. Results and discussion 

4.1. Exploring the stoichiometry of NixMnyOz as a potential catalyst 

for water oxidation 

To split water using sun light, a good photoabsorber is a fundamental requirement, as explained 

in chapter 2.2. However, catalysts are also a very important component of PEC cells. This is 

especially true for water oxidation, which is the more difficult and sluggish process in overall 

water splitting. First, catalysts can be used as counter electrodes in a photoelectrochemical cell. 

In this case, the dark catalytic activities of those materials are of importance in order to keep the 

required overvoltages as small as possible. On the other hand, deposition of catalysts on a 

photoabsorber surface has been shown to significantly improve their performance. In fact, most 

(if not all) of the highest performing photoelectrodes are combined with additional catalyst 

layer(s)44,148,149. By functionalizing the surface of a photoanode with a water oxidation catalyst, 

the low charge injection efficiency that most photoanodes suffer from can be addressed. 

However, sometimes the deposition of a catalyst can also diminish the observed performance of 

a photoanode. As discussed in chapter 4.3 this apparently contradictory effect can be understood 

by the complex charge carrier dynamics at the semiconductor/electrolyte interface. To find 

suitable catalysts for the application in the dark and as a co-catalyst, new materials have to be 

developed. Although good progress has been achieved during the last years56,57, it has still not 

been possible to overcome the “scaling relation”81,99 that was described in the theory section of 

this thesis (chapter 2.1.3). As a result, the overpotential for water oxidation has not yet been 

reduced below 200 – 300 mV. One strategy to break the “scaling relation” would be to combine 

two or even more well established binary catalysts into a new ternary or multinary catalyst 

material58,101. This would provide two or more adjacent active sites that might result in different 

binding energies for the *OH and *OOH species. Over the years, first row transition metal oxides, 

particularly those with manganese oxide based systems have been widely investigated for photo- 

and electrochemical reactions150,151, not only due to their economic and environmental benefits 

but also because of the fact that nature enables the water oxidation reaction with the Mn4CaO5 

cluster of photosystem II102. Since then a lot of research has been performed on various 

manganese oxides152,93,153. At the same time, nickel based materials have drawn high attention 

due to their earth abundant nature as well as their low water oxidation (over)potentials. 

Manganese oxide as well as nickel oxide have already been successfully coupled to obtain ternary 

materials, such as NixFeyOz
59,154, CoxMnyOz

155, CaxMnyOz
156–158 and NiyCo1-yOx

58. These studies 

show that the introduction of foreign metal ions into a metal oxide catalyst can improve the 

catalytic activity for water oxidation. However, the role of nickel in manganese oxide and its 

influence on the catalytic performance has been less emphasized.  

Besides the application of catalysts for the dark OER, its application as co-catalysts on metal oxide 

semiconductors to address low injection efficiencies is becoming more and more important. For 
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this type of application, not only the catalytic activity, but also the stability, the transparency and 

electronic properties such as the position of the bands compared to the photoanode are crucial 

factors. Therefore, we scanned the whole stoichiometry range of NixMnyOz and investigated the 

influence of the stoichiometry on the catalysts parameters mentioned above. This was done to 

apply co-catalysts with similar chemical properties to a photoanode and tune the work function 

and the catalytic activtiy of the NixMnyOz catalyst to investigate its effects on the OER processes 

of the semiconductor/co-catalyst system. Hereby, the work function can be tuned by 

systematically changing the Ni/Mn ratio. 

In this chapter the dark OER performance of NixMnyOz, deposited by pulsed laser deposition, is 

reported and compared to pure NiOx and MnOx. The overall performance of the OER catalyst is 

composed of the catalytic activity in terms of overpotential at 1 mA/cm2, the transparency of the 

films and the stability at different current densities, measured by cyclic voltammetry, UV-Vis 

spectroscopy, and galvanostatic measurements, respectively. Furthermore, the active site in the 

NixMnyOz was investigated. In chapter 4.3.2.2 the interaction between semiconductor, co-catalyst 

and electrolyte is discussed.  

 

4.1.1. Performance of the dark electrocatalyst 

NixMnyOz films were deposited onto an FTO back contact with pulsed laser deposition (PLD) using 

a nickel oxide (NiO) and a manganese oxide (MnO2 or MnO) target. The depositions were all done 

at room temperature. For a detailed description of the deposition process and the corresponding 

deposition parameters, the reader is referred to chapter 3.1.4. The deposited films are ~10 nm in 

thickness and rather dense, which is characteristic for films deposited with PLD. This can also be 

seen in the cross section SEM picture of Ni0.5Mn0.5Ox shown in Figure 4.1. A thin Ni0.5Mn0.5Ox film 

is deposited on top of a ~200 nm conducting, transparent FTO layer, with a glass substrate at the 

bottom.  

To analyze the structure of the films and to distinguish between a ternary NixMnyOz structure and 

a film with separate NiOx and MnOx phases, XRD spectra were taken for Ni0.5Mn0.5Ox as deposited 

and annealed at 300 °C (Figure 4.2). The as deposited Ni0.5Mn0.5Ox is nearly amorphous. However, 

we still observe to very small peaks comparable in position and distance to the peaks for 

Ni0.5Mn0.5Ox annealed at 300 °C. For a Ni/Mn ratio of 0.5 the ilmenite phase (NiMnO3) would be 

the most expected crystalline structure. However, using the XRD database from the Joint 

Committee on Powder Diffraction Standards (JCPDS-NBS) the measured peaks do not match with 

the references for the ilmenite NiMnO3
114. 
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Figure 4.1: Cross section SEM picture of a Ni0.5Mn0.5Ox film deposited on top of a FTO back contact. 

 

Other structures typically reported for NixMnyOz are the spinel NiMn2O4
159 and Ni6MnO8

115, which 

crystallizes in a cubic rock-salt structure. The Ni0.5Mn0.5Ox, prepared during this thesis do not 

match well with those structures either. Since the references for the different single phases of 

NixMnyOz do not fit to the experimentally determined data, the measured diffraction pattern of 

the PLD-deposited Ni0.5Mn0.5Ox, were compared to mixed phases, listed in the database, such as 

(NiO)0.75(MnO)0.25, (NiO)0.5(MnO)0.5, (NiO)0.25(MnO)0.75. However, these references do not show a 

better match with the measured diffraction pattern. The last step was to compare the XRD peaks 

with the references for pure NiO, MnO and Mn2O3, shown as black, red and blue bars at the upper 

x-axis in Figure 4.2, respectively. Mn2O3 crystallizes in the cubic bixbyite structure and shows one 

dominant and several smaller peaks. In contrast, NiO and MnO crystallize in the cubic rock-salt 

structure, showing two peaks with similar distance. The latter pattern is qualitatively similar to 

that observed for the measured data of Ni0.5Mn0.5Ox, except that the measured peaks are found 

at lower 2θ values. The same also holds for Ni6MnO8 films. This suggests that the Ni0.5Mn0.5Ox also 

crystallizes in the rock-salt structure, having a smaller lattice constant than Ni6MnO8 as well as 

NiO and MnO. The lattice constants for NiO and MnO are 4.44 Å and 4.17 Å, respectively. If we 

assume that the Ni0.5Mn0.5Ox crystallizes in the rock-salt structure, we can calculate a lattice 

constant of 4.08 Å. Based on the observed peak positions, using the Bragg equation 𝑛𝜆 = 2𝑑 𝑠𝑖𝑛𝜃 

and the following equation for the Miller indices 𝑑 = 𝑎/√ℎ2 + 𝑘2 + 𝑙2, one can obtain the lattice 

spacing of a particular cubic system. This suggests a single phase for the Ni0.5Mn0.5Ox with 

a = 4.08 Å.  

The publication of Barrett et al. shows a linear progress of the lattice constant with Ni/Mn ratio 

for a single-phase NixMnyOz
160. This means the lattice parameter decreases with increasing Ni 

content in the films, being lowest for NiO with a = 4.179 Å and highest for MnO with a = 4.442 Å. 

In contrast, we observe a lattice constant that is smaller than either NiO or MnO. The smaller 

lattice constant could be due to a high amount of oxygen vacancies in the lattice. One could also 

suggest that the Ni0.5Mn0.5Ox crystallizes in the cubic bixbyite structure of Mn2O3. Two peaks are 
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matching relatively well, but some others are completely missing. In any case, if we would have 

two separated phases of NiOx and MnOx, we should also see diffraction peaks from both 

materials. Therefore, concluding that the films we prepared are single phases of NixMnyOz and 

are not mixed phases of NiOx and MnOx. Furthermore, the films are crystalline, although the 

particles seem to be very small, since we observe small peak in the XRD spectrum. SEM pictures 

(Figure 4.1) reveal particle sizes for the Ni0.5Mn0.5Ox of ~10 nm, which are at the resolution limit 

for XRD. These small particles grow during the annealing step, hence showing pronounced XRD 

peaks for films annealed at 300 °C. If there are still amorphous parts in addition to the crystalline 

particles cannot be resolved at this stage.  
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Figure 4.2: X-ray diffraction spectra for Ni0.5Mn0.5Ox as deposited (black) and annealed at 300 °C (red), measured by grazing 
incidence XRD. The references for NiO, MnO and Mn2O3 are shown on the upper x-axis as black, red and blue bars, respectively. 

 

XPS measurements of the Ni0.5Mn0.5Ox reveal an average Ni oxidation state of 2.38 and 2.71 

before and after electrochemical treatment (EC), respectively and an average Mn oxidation state 

of 3.48 and 3.69 before and after EC. This will be discussed in more detail later in this chapter (see 

Figure 4.9). 

To analyze the dark catalytic activity of NixMnyOz films with different stoichiometry, the cyclic 

voltammograms of the catalysts (CV) were measured. Preliminary experiment in 1 M H2SO4 

(pH ~0), 0.1 M KPi (pH ~7), and 1 M KOH (pH ~14) were performed, showing the dissolution of the 

films at pH ~0, which is in good agreement with the Pourbaix diagram of NiMnO3 calculated by Yu 

et al.116. Furthermore, the performance (overpotential at 1 mA/cm2) of NixMnyOz at pH ~7 is 

relatively low compared to measurements done in pH ~14 due to low reaction rate at pH 7. 

Therefore, the following experiments were performed in 1 M KOH (pH ~14). Figure 4.3 shows 
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typical CV diagrams for pure NiOx (black) and MnOx (blue) as well as NixMnyOz with a Ni/Mn ratio 

of 0.5 (red), all deposited with the same PLD system under the same deposition conditions 

without any subsequent annealing steps.  
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Figure 4.3: Current-voltage (j-V) curves for NiOx (black), Ni0.5Mn0.5Ox (red) and MnOx (blue), showing significantly higher 
overpotential for the pure MnOx. The curves are iR corrected. The current density of 1 mA/cm2, which was used to determine the 
overpotential of the films, is marked as a dashed grey line. The films are as deposited with a films thickness of 10 – 15 nm and 
were measured in 1 M KOH. 

 

It can clearly be seen that the performance of the MnOx is much worse than the performances of 

NiOx, having much higher onset potential for water oxidation. The onset potential decreases after 

the introduction of Ni into the MnOx (Ni0.5Mn0.5Ox), but it is still more positive than the one 

obtained for pure NiOx. It should also be noted that pronounced Ni2+/Ni3+ redox peaks are 

observed for the NiOx at a potential of about 1.4 VRHE. These peaks are smaller and shifted to 

negative potentials for the Ni0.5Mn0.5Ox film and are completely absent for the MnOx layer. The 

implication of this observation with respect to the activity of the NixMnyOz will be discussed later 

in this chapter. Furthermore, the slope of the I-V curve for Ni0.5Mn0.5Ox is significantly flatter than 

the other two curves. Since the data are corrected for i-R losses, we can exclude that this is due 

to poorer electrical conductivity. Instead, we tentatively attribute this to a different mechanism 

for the water oxidation reaction.  

For better comparison between the NixMnyOz films with different stoichiometries, the 

overpotential (η) was used as an indicator for the catalytic activity of these films. The 

overpotential is defined here as the difference of the potential where the current density reaches 

1 mA/cm2 (marked as dashed line in Figure 4.3) and the thermodynamic water oxidation potential 

(1.23 VRHE). Before measuring the final CV diagram to determine η, the Ni containing  samples 
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were cycled 50 times between 1.00 and 1.85 VRHE to condition the catalyst as it is usually done for 

NiOx
58. In Figure 4.4, η is shown as a function of the Ni to Mn ratio, which was determined by X-

ray fluorescence, for a wide range of stoichiometries. Pure MnOx shows the highest overpotential 

of ~0.46 V. Interestingly, the introduction of only a small amount of Ni (Ni/Mn ratio = 0.075) into 

the pure MnOx significantly decreases the overpotential. With further increasing Ni content in the 

catalyst, the overpotential changes less drastically and in a continuous way; it decreases 

asymptotically approaching the value for pure NiOx. This shows that the introduction of a small 

amount of Ni into MnOx is a good possibility to significantly improve the cheap and 

environmentally friendly MnOx catalyst.  
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Figure 4.4: Overpotentials taken at a current density of 1 mA/cm2 for pure NiOx and MnOx as well as for NixMnyOz are shown as 
a function of Ni to Mn ratio in the catalyst films. 

 

Hong et al. proposed that the incorporation of Ni2+ into MnO enhances the oxidation power of 

high valence Mn species114. These are suggested as intermediates for water oxidation and 

therefore, resulting in an improvement of the catalytic activity of NixMnyOz. Similarly, Mn ions 

with high oxidation power are reported to be involved in the water oxidation using MnOx 

catalysts93,161. The results of Hong et al. are in good agreement with the data obtained for the 

PLD-deposited NixMnyOz in this thesis, since we also see an increase in catalytic activity after the 

introduction of Ni into MnOx. However, we discuss the influence of Ni in MnOx in a different way, 

which will be explained in more detail below in this chapter. 

Comparing our overpotential values to data reported in literature reveal high performances for 

the NixMnyOz catalysts deposited with PLD during this thesis, measured in 1 M KOH. Similarly, 

Menezes et al. reported increasing performance with increasing Ni content in their films. Thought, 
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their reported overpotentials (480 mV, 560 mV and 610 mV for Ni6MnO8, MnNi2O4 and NiMn2O4, 

respectively115) are ~200-300 mV higher than the overpotentials that we achieved at the same 

current density of 1 mA/cm2. The films of Menezes et al. were deposited by slowly drop coating 

a solution that was made of 5 mg oxide powder solved in 2ml of isopropanol and the 

measurements were performed in 0.1 M KOH (pH13). First of all the series resistance in 0.1 M 

KOH is doubled compared to the series resistance in 1 M KOH, which causes a higher iR drop. 

Furthermore, drop coating of pre-prepared particles often leads to bad interlinking between the 

particles, which again results in a high resistance.  

The overpotential that is required to obtain a current density of 1 mA/cm2 reported by Hong et 

al. is with 420 mV for NiMnO3
114 also well above the values determined in this work. However, 

their measurements were performed in phosphate buffer at pH 7, which usually leads to slower 

OER kinetics compared to films measured in strong alkaline or acidic solution. Additionally, they 

used a carbon paste electrode modified with only 5 % of the metal oxide as working electrode. 

Hereby, the electrochemically accessible surface area is very small. Besides the different 

deposition methods of the catalysts, discussed above there are other possible reasons for the 

high activity of PLD-NixMnyOz. The overpotentials presented in this thesis were obtained from i-V 

curves, which were iR-corrected prior to any further analysis. In the literature, no iR correction is 

mentioned, which could result in a big difference in the overpotential. 

However, the PLD deposited NixMnyOz catalysts have comparably low overpotentials, although 

films deposited by PLD are typically very dense and compact. Therefore, the films have 

presumably low surface areas. The influence of the other deposition methods in literature has 

already been discussed above. Besides, the good catalytic performance might simply be due to 

films with high crystallinity and low amount of defects. Another possible reason for the high 

performance could be the presence of Fe traces in the films adsorbed from the 1 M KOH. It is 

known from literature, that Fe residuals enhance the performance of NiOx
57,59,162,163. This might 

also be the case for NixMnyOz. However, the films of Menezes et al. were also measured in KOH, 

which might also result in the incorporation of Fe traces in the films during electrochemical 

measurements. Furthermore, it takes a while to accumulate a reasonable amount of iron to 

significantly improve the performance. To exclude this, one would have to investigate the 

catalysts’ performance in the absence of Fe. This could be done by a special cleaning procedure 

to purify the KOH. Furthermore, the presence/absence of Fe in the films could be checked by very 

sensitive chemical analyses techniques such as inductively coupled mass spectrometry (ICP-MS). 

Unfortunately, the NixMnyOz catalysts do not show higher catalytic activity than the pure NiOx. 

The NiOx deposited with PLD exhibits an overpotential of 0.37 V at 10 mA/cm2, which is slightly 

below the values of 0.42 V and 0.47 V, reported in literature56,57. The overpotential of NiFeOx is 

stated to be 0.35 V at 10 mA/cm2. Since the value determined in this thesis is in between the 

literature values reported for NiOx and NiFeOx, the enhanced performance might be due to Fe 

traces in the catalyst film. This might also apply for the NixMnyOz films, which has to be proved. 
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Nevertheless, based on the data above, there are few interesting open questions remained 

regarding the nature of the increase in activity with increasing Ni content. Is Ni simply the 

superiorly active species in the the NixMnyOz catalyst? Or does the incorporation of Ni enhance 

the oxidation power of high valence manganese? These questions will be discussed in the 

remainder of this chapter. 
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Figure 4.5: X-ray diffraction spectra for MnO (black), Mn3O4 (red) and Mn2O3 (blue). All films are as deposited. 

 

In addition to the variation of the Ni/Mn ratio, the background gas and the pressure during the 

PLD process were varied in order to investigate the influence of the oxidation state of Mn in the 

NixMnyOz films. We first determined the pressure regime by depositing pure MnOx films. At a low 

pressure of 6.65∙10-3 mbar in an Ar atmosphere (in absence of O2), MnO (i.e., Mn2+ oxidation 

state) was deposited using a MnO target. Mn3O4 (a mixture of Mn2+ and Mn3+ oxidation state) 

was deposited at a low pressure of 6.65∙10-3 mbar, but in an O2 atmosphere using a MnO2 target. 

Finally, a pressure of 2.66∙10-2 mbar in an O2 atmosphere was used to deposit Mn2O3 (Mn3+ 

oxidation state) with a MnO2 target. XRD, shown in Figure 4.5, was used to verify the different 

types of MnOx. For all films we can see strong preferential orientations. Furthermore, 

overpotentials at 1 mA/cm2 of 0.523 V, 0.458 V and 0.448 V were determined for MnO, Mn2O3 

and Mn3O4, respectively (Figure 4.6a). This shows that we can change the oxidation state of Mn 

in MnOx and also the catalytic performance of MnOx by varying the deposition pressure and the 

deposition gas. Based on the conditions found above, NixMnyOz films were prepared accordingly 

to find a correlation between the Mn oxidation state and the electrochemical activity. However, 

we do not observe significant differences in performance in Figure 4.6b, which suggests that the 

oxidation state of Mn does not play a crucial role for the catalytic performance of the NixMnyOz 
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films. This could already be a hint that Ni might be the active species in the catalyst and Mn only 

plays a secondary role for the activity. 
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Figure 4.6: Overpotentials taken at a current density of 1 mA/cm2 for a) MnO (black), Mn3O4 (red), and Mn2O3 (blue) and for b) 
NixMnyOz, deposited at 6.65∙10-3 mbar in an Ar atmosphere using a MnO target (MnO conditions in black), at 6.65∙10-3 mbar, but 
in an O2 atmosphere using a MnO2 target (Mn3O4 conditions in red), and at 2.66∙10-2 mbar in an O2 atmosphere using a MnO2 
target (Mn2O3 conditions in blue). 

 

Other than the catalytic activity, the transparency and the stability in aqueous solution are 

important parameters to characterize the overall performance of catalysts for the light driven PEC 

water splitting57,164,165. A highly transparent catalyst film is beneficial to prevent parasitic light 

absorption. Since photons absorbed in the catalyst (deposited on top of the semiconductor or as 

a counter electrode) cannot be absorbed by the photoabsorber anymore. Therefore, they cannot 

participate in the water oxidation reaction resulting in an overall efficiency loss for the PEC device. 

Figure 4.7 shows the transmission between λ = 300 nm and λ = 900 nm for selected samples 

measured by UV-Vis spectroscopy. All samples have similar thicknesses of 12 ± 3 nm, which were 

measured by ellipsometry. For λ > 900 nm, the transmission is close to 100 % for all catalyst films 

investigated. For wavelengths below 900 nm, we observe a highly transparent NiOx film with 

transmissions above 95 % down to λ = 400 nm. The transmission of NixMnyOz, while starting with 

97 % for λ = 800 nm, gently decreases to 92 % at λ = 600 nm and reaches 83 % at λ = 400 nm. 

Finally, the MnOx has an even steeper decrease in transmission, starting with 95 % at λ = 800 nm, 

passing 84 % at λ = 600 nm and falling below 64 % for λ = 600 nm. A similar trend as for the 

catalytic activity is therefore also observed for the transparency. Introducing Ni into MnOx 

increases the transmission of the catalyst, but the pure NiOx film is still the most transparent 

catalyst. 

Since the thickness is similar for all films, this can be excluded as reason for the different degrees 

of transmission. However, NiOx is a p-type semiconductor with a large bandgap (3.6 eV166–168). 

This shows that NiOx theoretically starts to absorb light already below 433 nm and is transparent 

at higher wavelengths. In contrast, discrete Fourier transform (DFT) calculations display a wide 
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range of the bandgaps of MnOx from 0.0 eV to 4.1 eV169,170. Experimental data are only available 

for MnO, indicating a bandgap of 3.8 – 4.2 eV. A smaller bandgap would result in absorption 

already at higher wavelengths, as can be seen for the MnOx in Figure 4.7. However, there is not 

only one clear bandgap reported for MnOx. This might be due to localized states in the bandgap, 

which also result in higher absorption in the films. The Ni0.5Mn0.5Ox films simply represent a 

mixture of the pure metal oxides. 
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Figure 4.7: Transmission as a function of wavelength (λ) measured by UV-Vis spectroscopy for NiOx (black), Ni0.5Mn0.5Ox (red) and 
MnOx (blue). 

 

Finally, a crucial parameter for the overall performance of a catalyst is its stability in the applied 

aqueous electrolyte. High stability was predicted in a 1st principle study of Yu et al. for NiMnO3 in 

basic electrolyte116. To test the stability of our NixMnyOz samples galvanostatic measurements 

were performed in 1 M KOH. Figure 4.8a) and b) show the potential over time that is required to 

obtain a constant current density of 1 mA/cm2 and 5 mA/cm2, respectively. First, as expected, the 

required potential is the lowest for the NiOx, increases with increasing Mn content, and is the 

highest for MnOx. However, in this section the shapes of the potential time curves are of 

importance to analyze the stability. For the galvanostatic measurements taken at 1 mA/cm2 we 

can see a small decrease of potential with time for the NiOx until the potential reaches a steady 

state at 1.57 VRHE. The same can be observed for the NixMnyOz samples which contain both Ni and 

Mn in different proportion only at higher potentials. The initial decrease in potential is, however, 

stronger and it is occurring over a longer time span. The potentials for all those films after a time 

of 2 h are still higher than that of NiOx, which means these catalysts show lower activities. For the 

potential of MnOx a small initial increase is observed that is reaching a constant potential at 1.78 
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VRHE. All films are stable or even show an increase in performance, which is evidenced by a drop 

in potential, at a constant current density of 1 mA/cm2. The stability of electrodeposited MnOx 

was already investigated previously in our institute and it was shown that the MnOx is stable up 

to a potential of ~1.75 VRHE
171. This is at slightly lower potentials than we found for our PLD films, 

which might be due to different material properties resulting from the different deposition 

techniques. For the NiOx it is known that the films need to be conditioned to obtain high 

performances58,172,173. Therefore, the decrease in potential for the Ni containing films might be 

due to the activation of the Ni, i.e., the formation of NiOOH. Another possible reason for the 

strong decrease of the potential for the films containing both Ni and Mn is a modification or even 

dissolution of Mn at the surface. This would lead to a Ni enriched interface and thereby to an 

improved activity of NixMnyOz. 
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Figure 4.8: Potential-time curve for different stochiometries of NixMnyOz at a constant current density of 1 mA/cm2 (a) and 
5 mA/cm2 after the initial electrochemical treatment at 1 mA/cm2 (b).The films are as deposited with a films thickness of 10 – 15 
nm and were measured in 1 M KOH. 

 

To get a hint into whether the films are conditioned or degraded, XPS measurements were 

performed for Ni0.5Mn0.5Ox before and after electrochemical treatment (EC). The XPS spectra are 

shown in Figure 4.9. The O 1s spectrum (Figure 4.9a) before EC shows three peaks, which are 

assigned to the following chemical signatures: (i) low binding energy: lattice oxygen in form of Ni-

O-Ni or Mn-O-Mn, (ii) medium binding energy: hydroxo-type oxygen in form of –OH groups174,175, 

and (iii) high binding energy: surface oxygen, which probably contains components of water, 

carbonates, carboxyls and other common organic contamination at the surface176. The peak for 

lattice oxygen is clearly reduced after EC, resulting in a higher fraction of –OH groups at the 

surface. This suggests that the Ni in the Ni0.5Mn0.5Ox indeed gets activated during EC, transforming 

from NiO to NiOOH. Furthermore, one can observe four peaks in the Ni 2p XPS spectra (Figure 

4.9b), which can be correlated to NiO, NiOOH, Ni(OH)2 and a Ni satellite peak, going from low to 

high binding energies175,177–179. After EC, the peaks for Ni2+ (i.e., both NiO and Ni(OH)2) are 

significantly suppressed, showing NiOOH with Ni in the 3+ state as dominant species at the 
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surface. In numbers this means the Ni3+/Ni2+ ratio changes from 0.62 (dominating Ni2+) before EC 

to 2.48 (dominating Ni3+, probably resulting from NiOOH) after EC, exhibiting a change in the 

average Ni oxidation state from 2.38 to 2.71. This again suggests an activation of Ni during the 

electrochemical treatment, consistent with the changes in the O 1s spectra.  

     

 

Figure 4.9: Comparison of the a) O 1s, b) Ni 2p and c) Mn 2p XPS spectra of Ni0.5Mn0.5Ox before (at the bottom) and after 
electrochemical treatment (at the top). 

 

The Mn 2p spectra of the Ni0.5Mn0.5Ox film are shown in Figure 4.9c. The reported binding energies 

of Mn2+, Mn3+ and Mn4+ are shown; they are in the range of 640.4 − 641.2 eV, 641.3 − 641.9 eV 

and 641.8 − 642.5 eV, respectively174,175,180–182. Prior to EC, Mn3+ and Mn4+ as well as the Ni Auger 

peak are present in the Mn 2p spectrum. After EC we see a dominant Mn4+ peak and a smaller 

Mn3+ peak. The Mn4+/Mn3+ ratio is changing from 0.92 (nearly balanced ratio) before EC to 2.26 

(clear excess of Mn4+) after EC, exhibiting a change in the average Mn oxidation state from 3.48 

to 3.69. Furthermore, the Ni/Mn ratio, calculated from the XPS data, before and after EC just 

changes minimal from 1.55 to 1.57, respectively.  This points to a modification (oxidation) of Mn 

at the surface rather than a dissolution of Mn. The oxidation of Mn3+ to Mn4+ during OER has been 

reported in the literature93,92 and this could also explain the initial rise in potential in Figure 4.8a 

seen for the MnOx at early times. Initially the oxidation from Mn3+ to M4+ takes place at lower 
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potentials171. After the Mn oxidation the OER starts, but needs higher potentials to obtain a 

current density of 1 mA/cm2. From the XPS data we can conclude that the reduction in potential 

during the stability measurements at medium current densities of 1 mA/cm2 is probably due to 

the activation of Ni in the Ni0.5Mn0.5Ox and not caused by the dissolution of Mn, since we are still 

below the corrosion potential of MnOx at this current density.  

We also investigated the stability at a constant current density of 5 mA/cm2 after the initial 

electrochemical treatment at 1 mA/cm2 for 2 hours, as shown in Figure 4.8b. The potential 

transient of the MnOx sample displays a strong increase starting from 2.00 VRHE and finally 

reaching a value of 2.27 VRHE after 2500 s. As mentioned above, the MnOx is not stable at such 

high potentials. We believe this is simply due to the dissolution of the film, which results in an 

increase in overpotential, reaching a low activity comparable to the activity of the FTO back 

contact. We verified this by performing EDX measurements, which show ~2-fold reduction of Mn 

atom % after the electrochemical stability test. Compared to the high surface areas of porous 

electrodeposited materials these dense PLD-deposited films do not have a large enough surface 

area to sustain a current density of 5 mA/cm2 at potentials below the dissolution potential of 

MnOx, which is the reason for the unstable films. 

In contrast, the potential of the NiOx initially decreases a little further, showing very stable 

performance overall at 1.79 VRHE. The same applies for the Ni0.9Mn0.1Ox and Ni0.5Mn0.5Ox, which 

also show very stable potential behaviors. This also suggests that the conditioning of the material 

already took place, since the films were already treated at 1 mA/cm2. The Ni0.1Mn0.9Ox shows a 

different behavior, namely a strong decrease in the potential that is necessary to obtain 

5 mA/cm2. The decrease in potential over time for the Mn-rich NixMnyOz film can also be 

explained by the dissolution of Mn (i.e., the film becomes more Ni-rich), since Mn might be 

unstable at the initially high potentials. Again, EDX data supports this. We observed an increase 

in Ni/Mn ratio from 0.09 to 0.17, indicating a release of Mn from the Ni0.1Mn0.9Ox layer. For 

NixMnyOz catalysts with lower Mn content no such dissolution of Mn is observed, showing 

constant Ni/Mn ratios before and after the stability test. This is in good agreement with the very 

steady potential observed, which—owing to the higher catalytic activity of these samples—is 

lower than the dissolution potential of Mn. 

The observations above, show that a small amount of Ni (Ni/Mn = 0.1) significantly improves the 

performance as well as the stability of MnOx (Figure 4.6 and Figure 4.8). Furthermore, the 

transparency of films with similar thickness enhances from MnOx to NiOx with increasing Ni 

content, showing a ~10 % increase in transparency at λ = 500 nm between the MnOx and the 

Ni0.5Mn0.5Ox and another ~10 % increase going to pure NiOx (Figure 4.7). Based on these results, 

it seems clear that Ni is the active species in the NixMnyOz catalysts. This is also supported by the 

fact that NiOx is still the best catalyst investigated in this thesis. The good catalytic activity of NiOx 

for water oxidation is also well established in literature56,57,97,172. To provide further evidence for 

this hypothesis, we took a closer look to the redox peaks observed in the CV diagrams, shown 
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earlier in Figure 4.3. A close-up of the redox peaks is shown in Figure 4.10a. Large oxidation and 

reduction waves can be seen for the NiOx layer (black). The Ni0.5Mn0.5Ox film (red) also shows a 

redox wave, which is smaller in size and shifted towards slightly more negative potentials 

compared to NiOx. For the MnOx (blue) no redox peaks are observed. In literature, the integrated 

area of the oxidation wave is used to estimate the number of active sites in NiOx
58,163,172. This 

means, if Ni is indeed the active material, the activity of the catalyst should scale with the 

integrated area (charge) of its redox peak.  
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Figure 4.10: a) Zoomed-in Current-voltage (j-V) curve for NiOx (black), Ni0.5Mn0.5Ox (red) and MnOx (blue). b) Integrated charge Q 
for the oxidation process of Ni as a function of the Ni/Mn ratio of the catalyst film. c) Current density at a potential of 1.56 VRHE 
as a function of the integrated charge. 

 

The integrated charge of the oxidation peak is shown as a function of the Ni/Mn ratio in Figure 

4.10b. The plot presents a linear relationship between the integrated charge and the Ni/Mn ratio, 

determined by XRF. This shows that the incorporated Ni is responsible for the redox wave 

centered around 1.4 VRHE, concluding that Ni is electrochemically active. By further comparing the 

integrated charge with the current density at a constant overpotential (η = 0.33 V) we again 

observe a linear relationship (Figure 4.10c). This means the catalytic activity correlates with the 

integrated charge of the Ni redox peak and therefore also with the Ni content in NixMnyOz. This 
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proves conclusively that the active site of the NixMnyOz catalyst is indeed Ni; most likely NiOOH 

as shown by the XPS analysis described above.  

   

 

Figure 4.11: In-situ UV-Vis spectra as a function of potential of a) NiOx, b) MnOx and c) Ni0.5Mn0.5Ox. 

 

The oxidation of Ni could also be verified with in-situ UV-Vis spectroscopy measured as a function 

of applied potential shown in Figure 4.11. With this we can observe changes in the oxidation state 

due to the electrochromic effect, which will be described in more detail in chapter 4.2. Figure 

4.11a shows the optical absorption change (color bar) in a spectral range from 300 – 1000 nm 

(x-axis) along a CV scan (potential at the y-axis) for NiOx. We observe a continuous change with 

increasing potential starting around 1.36 VRHE and a decrease in absorption for reversed potentials 

for λ between 330 nm and 700 nm. However, the MnOx film, shown in Figure 4.11b does not 

exhibit such a distinct absorption feature. By comparing the absorption spectrum of Ni0.5Mn0.5Ox 

to the once for the pure NiOx and the pure MnOx, one can observe a similar absorption feature 

for Ni0.5Mn0.5Ox as was found for NiOx. We again see a continuous change in absorption between 

330 nm and 700 m, which returns after the potential reversed. Therefore, the in-situ UV-Vis 

measurements also show that Ni in Ni0.5Mn0.5Ox is electrochemically oxidized to Ni3+ at potentials 

positive of 1.36 VRHE, just before the start of the water oxidation current. From literature it is 
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known that Ni3+, in the form of NiOOH, is the active species in NiOx catalysts. This suggests that 

Ni also has a significant contribution to the catalytic activity of the NixMnyOz catalyst films. 

 

4.1.2. Conclusion 

NixMnyOx films have been shown to exhibit good catalytic activity as a dark electrocatalyst for the 

oxygen evolution reaction. By introducing a small amount of Ni into the MnOx the performance 

increased significantly. Further increase of Ni content led to additional enhancement of activity 

that approaches the performance of pure NiOx, in a linear fashion. The optical transmission of the 

samples, which is important when the catalyst is deposited onto a light absorbing semiconductor, 

shows a similar trend, which means that the optical efficiency is increasing with increasing the Ni 

content in the catalyst film. Furthermore, we investigated the stability of the films in galvanostatic 

experiments, showing that all samples are stable at a current density of 1 mA/cm2. From these 

measurements we reveal that all samples are stable below potentials of 1.78 VRHE. At a current 

density of 5 mA/cm2, the NiOx film as well as NixMnyOz catalysts with Ni/Mn ≥ 0.5 are stable at 

potentials ≤ 1.82 VRHE. On the other hand, Mn-rich films show a decrease in potential, which is 

attributed to the dissolution of Mn at such high potentials (Pot ≥ 1.88 VRHE). This leads to higher 

Ni content in the film and subsequent to an increased activity. The dissolution on Mn is also true 

for the pure MnOx, observing an increase in potential that approaches the performance of the 

FTO back contact. The dissolution for films with a Ni content below 50 % is due to the modest 

activity of these films. Therefore, a much higher potential (≥ 1.9 VRHE) is needed to sustain the 

fixed current density of 5 mA/cm2. At these high potentials the Mn-containing films are no longer 

stable. The overall performance of a catalyst, which is composed of the catalytic efficiency, the 

optical efficiency and the stability in basic electrolyte, is the best for pure NiOx. However, up to 

50 % of Mn can be present without too much performance penalties. Since Mn is much cheaper 

and abundant than Ni, NixMnyOz represents an economically attractive alternative to NiO.  

Our results are in good agreement to Menezes et al., showing also an enhanced performance of 

NixMnyOz with increasing Ni content115. They suggest that this is due to the higher amount of 

amorphous NiOOH at the surface that is generated during electrochemical treatment with 

increasing Ni present in the catalyst. NiOOH is known to be highly active for water oxidation and 

has already been well established in literature58,172,173. However, they don’t present clear 

evidences of the participation of Ni3+ in electrochemical processes to support this statement. 

However, I clearly evaluated a correlation between the amount of electrochemically active Ni3+ 

in the films (charge of Ni2+/Ni3+ oxidation peak) and the achieved current density. Furthermore, 

the electrochemical oxidation of Ni2+ to Ni3+ was proven via absorption changes, measured by in-

situ UV-Vis. Another explanation of the influence of Ni in NixMnyOz is given by Hong et al.114. They 

state that Ni incorporated into MnOx supports high oxidation states of Mn, e.g. Mn4+. Therefore, 

the activity of the catalyst is improved. However, they do not show a comparison to NiOx or 
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NixMnyOz films with higher Ni content. In this thesis we clearly show that the activity of our sample 

depends almost linearly on the concentration of Ni3+, especially at higher Ni concentrations. 

Therefore, it is very likely that Ni in form of NiOOH, is responsible for the increasing activities and 

Mn only plays a secondary role. 

The NixMnyOz catalysts that are developed and characterized for their dark catalytic activity in this 

chapter, will be applied as a co-catalyst deposited on a photoanode. Additional parameters, such 

as the band alignment and the interface defects between the photoanode and the catalyst, would 

be of importance. We therefore deposited these catalysts on the surface of BiVO4 photoanode; 

detailed results and discussions on this can be found in chapter 4.3.2.2. 
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4.2. Mechanistic processes of CoPi for the water oxidation reaction 

In 2008, Kanan and Nocera47 first synthesized an amorphous, highly active catalyst by simple 

electrochemical deposition from a phosphate buffer solution at room temperature. Despite the 

multiple claims in the catalysis field regarding the similarity of this cobalt oxide-based catalyst 

with the already known cobalt oxide catalysts, even dated back to the early 1900s183, there is no 

doubt that the seminal paper of Kanan and Nocera ignited a great amount of interest in such a 

water oxidation catalyst. The mild synthesis, done by electrodeposition of aqueous Co2+ 

phosphate-buffered, neutral-pH electrolyte solution, was of special interest since the application 

of OER catalysts on photoactive semiconductors became more and more relevant to increase the 

STH efficiency of such PEC cells. Cobalt phosphate (CoPi) has been successfully deposited on 

silicon184 and on many metal oxides (e.g., Fe2O3
48–50, WO3

51, BiVO4
46,52,53, TaON54,55) to address 

the slow oxygen evolution kinetics and to reduce the OER overpotentials. Tremendous 

improvement of photocurrent densities up to a factor of larger than 200 has been achieved at 

rather low overpotentials103. 

The catalyst’s structure, as discussed in the chapter 2.1.4, consists of  octahedrally coordinated 

Co3+ ions interconnected by di-oxo/hydroxo bridges and of ordered units of molecular 

dimenions87,104,105. The nature of the active species has also been investigated, and it was shown 

that Co4+ was produced during oxygen evolution, suggesting Co4+ as the catalytically active 

species106. Further studies were performed on the mechanism of OER and the “Nucleation, 

Growth, and Repair” of CoPi, concluding that it is a self-healing catalyst107–109. Although the 

structure, composition and parts of OER mechanism of CoPi itself108 was investigated in numerous 

publications, several open questions remain. How does the Co4+ form, sequentially from Co2+ and 

Co3+, or can Co2+ be directly oxidized to form Co4+? What are the rates of these sequential 

oxidation steps in CoPi? These questions will be addressed in this chapter. 

 

4.2.1. In-situ UV-Vis spectroelectrochemistry of CoPi 

One of the simplest ways of detecting changes in the oxidation states of transition metal oxides 

is through optical spectroscopy. Potential dependent optical changes of cobalt hydroxide (also 

called “electrochromism”) have already been observed in 1964185,186. Since then, numerous 

studies were carried out on various types of cobalt oxides187–191. Electrochromism is generally 

related to the intercalation (cathodic) or de-intercalation (anodic) of ions into or out of a material, 

respectively, which is accompanied by a charge-balancing electron flow. This causes a change of 

the electron density and consecutively a modulation of the optical properties of the material192. 

For cobalt oxide in aqueous electrolytes, numerous redox reactions can be formulated in the 

anodic potential regime, which makes the system very complex. However, these reports do not 

distinguish different absorption bands for the different oxidation processes in cobalt oxides. 

Particularly for CoPi, there has only been one report on some potential dependent optical effect; 
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Risch et al. very recently presented a study, showing that there is a change in absorption with 

potential for CoPi108. They however did not resolve the spectra to distinguish the optical signature 

of different oxidation states in CoPi. 

1.0 1.2 1.4 1.6
-0.2

0.0

0.2

0.4

0.6

C
o

IV
C

o
II

I

C
o

II
I

 

 

j 
[m

A
/c

m
2
]

Potential [V
RHE

]
C

o
II

 

Figure 4.12: Current-voltage (j-V) curve of CoPi in KPi electrolyte showing one distinct oxidation and two reduction peaks, which 
are assigned to the Co oxidation from i) CoII  CoIII and ii) CoIII  CoIV. The scan rate was 20 mV/s in 0.1 M KPi electrolyte. 

 

To investigate the potential-dependent optical effect in CoPi, in-situ UV/Vis measurements were 

carried out on CoPi films deposited on FTO. As described in more detail in section 3.2.3, the 

samples were mounted into an electrochemical cell and the change in absorptance was measured 

as a function of the applied potential. First, Figure 4.12 shows the current-voltage (j-V) curve of a 

CoPi electrode. We observed one distinct oxidation wave around 1.4 VRHE, but two reduction 

waves. One of them is relatively at the same potential as the observed oxidation wave, which 

suggests that those two waves belong to one redox pair. We assign this to Co oxidation from CoII 

to CoIII, as also suggested by Nocera and co-workers105. The second reduction wave does not have 

a distinct counter oxidation wave. However, the current is not going back to zero after the first 

oxidation peak, therefore we assume that the oxidation wave overlaps with the water oxidation 

current and also the strong oxidation peak at 1.4 VRHE. This second redox pair is assigned to the 

Co oxidation from CoIII to CoIV and is situated around 1.6 VRHE. This is also what has been explained 

by the group of Nocera105. Recently, Risch et al. observed a similar current-voltage behavior, and 

showed that the average oxidation state of Co changes from 2.6 to 3.0 at 1.0 VNHE (~1.4 VRHE) and 

from 3.0 to 3.2 at 1.2 VNHE (~1.6 VRHE), which is in good agreement with the two Co transitions 

assigned above108. Simultaneously, a differential absorption spectrum was recorded as a function 

of potential, ΔAV(λ), according to the following equation: 
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∆𝐴𝑉(𝜆) = 1 −
𝐼𝑉(𝜆)

𝐼𝑂𝐶𝑃(𝜆)
 

IV(λ) is the intensity of the light transmitted through the CoPi at a certain applied potential V, and 

IOCP(λ) is the intensity of the light transmitted at open circuit potential. Figure 4.13 shows a color 

plot of a CoPi electrode, indicating the change in absorption (represented by the color) as a function 

of wavelength and applied potential. Pronounced changes in the absorption appear upon 

increasing the potential from 1.4 VRHE to 1.7 VRHE. The increase in absorption does not occur 

uniformly over the whole investigated light spectrum, but shows distinct features. A strong, but 

narrow absorption region can be observed between 300 and 400 nm and a broader one between 

400 and 900 nm with decreasing magnitude at higher wavelengths. The absorption maximum for 

all wavelengths is reached at the potential of 1.7 VRHE (center of the graph). This change is 

reversible, as shown in the upper part of the diagram, where the potential is cycled back and the 

absorption returns to the original state. We confirm that these optical signatures arise from the 

CoPi film, since the same measurement on a bare FTO substrate does not show any absorption 

change. 

 

Figure 4.13: Applied potential vs. wavelength λ of the incident light of in-situ UV-Vis measurements during potential cycling on 
CoPi electrodes. The color bar gives the relative absorption normalized to the samples under open circuit conditions; the scan rate 
was 20 mV/s in 0.1 M KPi electrolyte. The absorption was integrated for 1 s, respectively. 

 

The color plot in Figure 4.13 allows a good qualitative evaluation of the change in absorption, but 

it is rather hard to gain quantitative information. Therefore, the relative absorption at certain 

selected applied potentials was plotted in Figure 4.14 as a function of the wavelength. As can be 

seen from the curves, the increase in absorptance actually occurs continuously, but the starting 
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potentials depend on the wavelength range. At low enough potential (1.30 VRHE), no change in 

absorption is observed. With increasing potential (1.45 VRHE) an absorption feature with a peak 

position at ~300 nm forms. This potential is in good agreement with the potential of the first 

oxidation wave we found in the CV diagram in Figure 4.12, which means it can be assigned to the 

oxidation of CoII to CoIII. At higher potentials (1.70 VRHE) we observe a second, very broad 

absorption peak centered around 535 nm. We assign this peak to the oxidation of CoIII to CoIV. 

After reversing the potential, the absorption is reduced to its initial state at a potential of 

1.15 VRHE. From this we concluded that we have two distinct absorption features for the oxidation 

from CoII  CoIII and from CoIII  CoIV located at 300 nm and 535 nm, respectively.  
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Figure 4.14: Relative absorption (normalized to the sample transmittance at OCP) as function of the wavelength of a CoPi 
electrode. The selected applied potentials correspond to the different absorption changes in the 3d-plot in Figure 4.13. 

 

The onset of water oxidation (Figure 4.12) is accompanied by the presence of CoIV, as observed in 

the change of absorption. This suggests that the CoIV is the active species necessary for water 

oxidation in this CoPi film. This observation is in good agreement with the work done by 

Surendranath et al. and Risch et al.108,109. 

The potential line scans shown in Figure 4.14 can be fitted with two Gaussian peaks with peak 

positions located at 300 nm and 535 nm. The measured data and the corresponding fits are shown 

in Figure 4.15. At 1.29 VRHE (Figure 4.15a) no significant absorption change can be observed. As 

the potential slightly increases to 1.35 VRHE (Figure 4.15b), we observe a small absorption change 

only for the peak around λ = 300 nm. With increasing applied potential, a second broad peak 

located at λ = 535 nm starts to appear (Figure 4.15c & d). Upon reversing the potential back to 

1.15 VRHE (Figure 4.15e), we found the absorption went back towards the initial condition, 
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although we still have a slightly higher ΔA at λ = 300 nm. This might be due to a higher fraction of 

CoIII in the film compared to the initial state.  

400 600 800 1000

0.0

0.1

0.2

0.3

0.4

0.5

 
A

 [nm]

1.29 V
RHE

a)

   

400 600 800 1000

0.0

0.1

0.2

0.3

0.4

0.5

340 360 380 400
0.00

0.01

0.02

0.03

0.04

0.05

 
A

 [nm]

 
A

 [nm]

1.35 V
RHE

b)

400 600 800 1000

0.0

0.1

0.2

0.3

0.4

0.5
c)

 
A

 [nm]

1.40 V
RHE

   

400 600 800 1000

0.0

0.1

0.2

0.3

0.4

0.5
d)

 
A

 [nm]

1.71 V
RHE

400 600 800 1000

0.0

0.1

0.2

0.3

0.4

0.5
e)

 
A

 [nm]

1.15 V
RHE

 

Figure 4.15: Relative absorption (normalized to the sample transmittance at OCP) as function of the wavelength of a CoPi electrode 
and the corresponding fit with two Gaussians peaks. 

 

The ability to distinguish the different oxidation of Co via optical spectroscopy allows us to further 

study the thermodynamics and kinetics in the CoPi films. It is also worth mentioning that this 

distinction has not been previously reported in the literature. This means that we can attempt to 

answer the open questions mentioned above (section 1.1) by monitoring the two peaks at 300 

and 535 nm, as discussed below. 
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4.2.1.1. Sequential oxidation of Cobalt 

CoPi has been shown to undergo a stepwise oxidation from CoII 
 CoIII  CoIV before it can 

oxidize water105,106,109. It is however not clear if full oxidation to CoIII is needed before CoIV and 

water oxidation can begin. In addition, it is also not known if CoII can be directly oxidized to CoIV 

with a two-electron transfer step. Therefore, we utilized the distinct optical signatures of the 

oxidation states to address these questions.  

As discussed above (Figure 4.15), applying a constant potential of 1.35 VRHE allows us to oxidize 

CoII to CoIII, without going to CoIV. We can confirm this by measuring the integrated area of the 

300 nm (Aint,1 300 nm) and 535 nm peak (Aint,1 535 nm) as a function of time. The fitting procedure 

as described above is also used here. If indeed only the oxidation of CoII to CoIII is occurring, Aint,1 

at 300 nm will increase exponentially until it reaches a steady state value (either full or partial 

thermodynamically allowed oxidation to CoIII). On the other hand, Aint,1 535 nm should show 

negligible changes as a function of time.  
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Figure 4.16: Integrated area of the Gaussian peak as a function of the width of the applied potential step for the peak located a) 
at λ = 300 nm and b) λ = 535 nm. The peaks at 300 nm and 535 nm are assigned to the oxidation from CoII to CoIII and from CoIII to 
CoIV, respectively. 

 

This is indeed what we see in our experiments in Figure 4.16. We observe an exponential increase 

of Aint,1 300 nm with time, which levels off at longer time. This is not very surprising, since the 

oxidation from CoII to CoIII starts faster when more CoII ions are available. With increasing time 

the number of CoII ions that can be oxidized reduces, and the change in absorption starts to level 

off. At this point, all CoII are oxidized or the CoII/CoIII ratio reached a steady state value for this 

specific potential. On the other hand, Aint,1 535 nm stays comparatively constant as a function of 

time, which confirms that we do not form CoIV at this potential of 1.35 VRHE. 

Based on the above findings, we performed a two-potential-steps measurement on our CoPi film, 

in order to investigate whether CoIV can be formed immediately, or if first a certain concentration 
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of CoIII is needed. A schematic drawing of the experiment is shown in Figure 4.17. The first 

potential is 1.35 VRHE (V1), where only CoII to CoIII oxidation can occur, and the second potential is 

1.60 VRHE (V2), where also the oxidation of CoIII to CoIV can occur. Prior to and after those two 

potentials, a resting potential of 1.00 VRHE (V0) is applied to completely reduce the CoPi to its initial 

state. We then varied the pulse width of the first potential V1 (t1), and monitored the integrated 

area (Aint,2 300 nm and Aint,2 535 nm) during the pulse width of the second potential V2 (t2). 

 

Figure 4.17: Schematic drawing of the two-potential-steps experiment. At V1 = 1.35 VRHE only CoII to CoIII oxidation can occur. At 
V2 = 1.60 VRHE additional CoIII to CoIV oxidation can occur. Prior to and after those two potentials, a resting potential of 1.0 VRHE 
(V0) is applied to completely reduce the CoPi to its initial state. We varied the pulse width of the first potential V1 (t1), and 
monitored the integrated area (Aint,2 300 nm and Aint,2 535 nm) during the pulse width of the second potential V2 (t2). 

 

For a constant t1 and varying t2, we expect a similar exponential increase of Aint,2 535 nm (assigned 

to CoIII  CoIV), as we saw in Figure 4.16 for Aint,1 300 nm. This simply corresponds to the 

increasing concentration of CoIV in our CoPi film. However, if we now vary t1, there might be two 

possible effects on Aint,2 535 nm. If CoIV can be formed immediately, independent of the ratio of 

CoIII that is present in the film as long as the potential is sufficient, we would expect to see all Aint,2 

535 nm curves lying on top of each other independent of t1. On the other hand, if the film first 

needs to be partially (to a certain CoIII/CoII ratio) or fully oxidized to CoIII before it can be oxidized 

to CoIV, we would expect a shift of Aint,2 535 nm with t1. This means the larger t1, the more CoIII is 

already present in the first potential step, and therefore the oxidation of CoIII to CoIV should start 

earlier; in other words, Aint,2 535 nm would shifts to smaller t2. Finally, we expect the Aint,2 300 nm 

to show no change or an exponential increase with time for the completely oxidized (CoIII) or the 

partially oxidized (mixture of CoII and CoIII) film, respectively. 

Figure 4.18 shows the color plot for the two-potential-steps experiment described above with the 

wavelength at the x-axis, the time at the y-axis and the color bar showing the relative absorption. 

We can observe an absorption change at low wavelength starting at 10 s at an applied potential 

of V1 = 1.35 VRHE. After 5 s the second potential V2 = 1.60 VRHE is applied, resulting in an increasing 

absorption for both features at 300 nm and at 535 nm. For varying t1, the resulting integrated 

areas for the peak at 300 nm and the peak at 535 nm are shown as a function of t2 in Figure 4.19. 

The data is normalized against Aint,2 at t2 = 50 s of reference measurements taken at 1.60 VRHE, 
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which were always performed between the measurements with different t1 to make sure that the 

effect we see is not due to any kind of degradation (e.g. of the CoPi film). First, we observe an 

exponential increase of Aint,2 300 nm with t2 leveling off at larger oxidation times (Figure 4.19a). 

The plateau—corresponds to the maximum change in CoIII concentration—is shown to decrease 

with increasing t1, which is understandable since the amount of CoIII after the first potential step 

is increased with increasing t1. If we zoom in to very small values of t2 (Figure 4.19b) we see the 

same increase with time independent of t1. This indicates that the film is not completely oxidized 

to CoIII after 20 s. Figure 4.18 also indicates this; it seems that there is a certain steady state 

CoIII/CoII ratio at the potential of 1.35 VRHE. At a potential of 1.60 VRHE a strong absorption change 

in the 300 nm region is observed in the color plot. We therefore can conclude that not all CoII gets 

oxidized to CoIII during the first potential step, due to an equilibrium limitation at this particular 

potential.  

 

Figure 4.18: Time vs. wavelength λ of the incident light of in-situ UV-Vis measurements during the two potential steps experiment 
on CoPi electrodes. The color bar gives the relative absorption normalized to the samples under open circuit conditions. The 
absorption was integrated for 100 ms. 

 

Now, we turn our attention to the integrated area for the peak located at 535 nm, Aint,2 535 nm 

(CoIII  CoIV), as shown in Figure 4.19c. The general shape of the curve is the same as for 

Aint,2 300 nm, showing an exponential increase of the integrated area with time, which levels off 

at large t2. However, this time the integrated area at steady state is the same, independent of t1. 

This is not surprising, since we did not do any oxidation to CoIV during the first potential step; the 

equilibrium is reached after the same degree of oxidation. If we now take a closer look to the 

behavior of the curve at the early time-window, we observe a shift of Aint,2 535 nm to a shorter 

time for increasing t1 (Figure 4.19d). This is consistent with our explanations made above, in the 
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case that a certain CoIII concentration is required before CoIV can be formed. If this critical value 

has not been reached during the first potential step, the film first needs to be oxidized to that 

certain CoIII concentration before any oxidation to CoIV can take place. Therefore, we see a shift 

of the onset of the oxidation to CoIV as a function of t1.  
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Figure 4.19: Normalized integrated area of the Gaussian peaks located a) at 300 nm and c) 535 nm in the absorption spectra as a 
function of time width of the applied potential steps. b) and d) are zoomed in to low potential width. The peaks at 300 nm 535 
nm are assigned to the oxidation from CoII to CoIII and the oxidation from CoIII to CoIV, respectively. 

 

Concluding from this study, we found that it is definitely important to first oxidize CoII
 to CoIII 

before the oxidation to CoIV can take place. However, the CoIII/CoII just needs to exceed a certain 

limiting value to start the oxidation to CoIV; a complete oxidation of the film to CoIII is not 

necessary. This seems to contradict the study of Risch et al.108, where they stated that full 

oxidation to CoIII occur at 1.4 VRHE, and further oxidation to CoIII
0.8CoIV

0.2 occurs at 1.6 VRHE. 

Furthermore, we also found that the absorption at 300 nm further changes at higher applied 

potentials, indicating that the steady state CoIII/CoII ratio increases with increasing applied 

potential. 
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4.2.1.1. Time-resolved analysis 

Since it is likely that the observations above depend on the kinetics of the reaction, we now take 

a closer look at the time scales of the different oxidation steps involved in the water oxidation 

using CoPi. To do this, we simply monitor the CoIII and CoIV concentration as a function of time, 

by following the integrated area of the 300 nm and 535 nm peaks (Aint 300 nm and Aint 535 nm). 

Figure 4.20 shows Aint 300 nm for different applied potentials. The values are normalized against 

Aint 300 nm at 50 s of reference measurements taken at a potential of 1.6 VRHE in between every 

actual measurement, as already described above. As discussed earlier in this chapter the 

equilibrium in oxidation state depends on the applied potential. We can see that the steady state 

value of Aint 300 nm increases with increasing applied potential. This means at low potentials of 

1.35 VRHE, the film is not fully oxidized to CoIII. At higher potentials we have enough 

thermodynamic driving force to further oxidize the film. As a result, the CoIII concentration is 

increased, and the steady state value of Aint 300 nm is also increased. The time constant of the 

CoII to CoIII transition can then be obtained from an exponential fit of the curve. As expected, the 

time constant decreases with increasing potential, indicating a faster oxidation from CoII to CoIII. 

For the low potential of 1.35 VRHE, a time constant of 12.6 s is obtained. At 1.60 VRHE, this is 

reduced to 1.3 s, and even further to 0.64 s at 1.70 VRHE. 
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Figure 4.20: Integrated area of the Gaussian peaks located at 300 nm in the absorption spectrum as a function of oxidation time 
for different applied potentials. 

 

We then compared the integrated area at 300 nm and 535 nm, in order to investigate the rate-

limiting oxidation step in the CoPi film. The data is shown Figure 4.21 (normalized to a reference 

measurement as described earlier) for two different applied potentials of 1.6 VRHE and 1.7 VRHE. 
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Consistent with what we discussed above, for Aint 300 nm, we observed different time constant 

of 1.20 s and of 0.66 s for applied potentials of 1.6 VRHE and 1.7 VRHE, respectively. Interestingly, 

the time constants for Aint 535 nm are comparable to those for Aint 300 nm at the specific applied 

potentials. From this we can draw conclusions about the rates of the different oxidation steps. If 

the oxidation from CoII  CoIII would be faster than the one from CoIII  CoIV, we would expect 

to see a smaller time constant for Aint 300 nm and a larger time constant for Aint 535 nm. In 

contrast, if the oxidation from CoII  CoIII would be slower than the one from CoIII  CoIV, we 

would initially expect to see a larger growth time for Aint at 300 nm. However, since the oxidation 

of CoIV is dependent on the presence of CoIII, the same time constant for Aint 535 nm is actually 

expected as for Aint 300 nm. This is exactly what we observed in our measurements. Our results 

therefore confirm that the rate to oxidize CoIII  CoIV is significantly higher than the rate to oxidize 

CoII  CoIII.  
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Figure 4.21: Integrated area of the Gaussian peaks located at 300 nm (black) and at 535 nm (red) as a function of oxidation time 
for an applied potentials of a) 1.6 VRHE and b) 1.7 VRHE. 

 

Unfortunately, we cannot monitor the rate of oxygen evolution with this in-situ UV-Vis potential 

steps experiments. Additional measurements, such as time-resolved differential electrochemical 

mass spectroscopy (DEMS) or time-resolved FTIR, are needed to elucidate this. Nevertheless, it 

has been suggested in literature that the water oxidation, namely the formation of O-O bonds, is 

the rate limiting step108,109. It was mentioned that the rate-determining O-O bond formation can 

take place if there is an encounter of two or more CoIV ions. Assuming this is correct, we conclude 

that the time constants are increasing in the following order: (i) CoIII  CoIV, (ii) CoII  CoIII, and 

(iii) 2 CoIV  2 CoII + O2 (g).  
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4.2.2. Conclusion 

In this section we investigated the mechanistic processes of CoPi for the water oxidation reaction, 

showing that there are three distinguishable steps involved. The oxidation from CoII  CoIII starts 

at a potential ~1.35 VRHE, showing an absorption feature at λ = 300 nm. For potentials ~1.6 VRHE 

an additional change in absorption is observed at λ = 535 nm, which is assigned to the oxidation 

of CoIII  CoIV. The water oxidation occurs at potentials > 1.6 VRHE. Furthermore, we determined 

a sequential oxidation from CoII  CoIII  CoIV. However, our experiments showed that we don’t 

need to fully oxidize the CoPi film to CoIII before it can get oxidized to CoIV to split water. 

Time-resolved analysis reveals that the oxidation is faster for increasing applied potentials, as was 

expected. However, we also found that the oxidation from CoIII  CoIV is the fastest, followed by 

the oxidation of CoII  CoIII, assuming that the O-O formation and the O2 release are the rate-

limiting steps108,109. 
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4.3. Surface processes at the photoanode/electrolyte and the 

photoanode/co-catalyst/electrolyte interface 

Surface processes are very important for (photo)electrocatalysis. To get an insight into the 

processes taking place at the surface during the water oxidation, IMPS is a very suitable and 

powerful technique. As mentioned in the theory section, we can distinguish between charge 

transfer and surface recombination using this technique. The dominant process or limiting factor 

at the surface of a semiconductor photoanode can therefore be determined. We used this to 

investigate the influence of deposition methods of the same material to the surface carrier 

dynamics; the results are discussed in chapter 4.3.1. In addition, the introduction of a co-catalyst 

onto the surface of photoanodes is getting more and more crucial. However, up to now effective 

semiconductor/co-catalyst combinations that improve the photocurrent are discovered via trial 

and error and not through rational material design. To advance our understanding towards the 

establishment of material design principles, we investigated various photoanode/co-

catalyst/electrolyte interfaces with IMPS. We shed light on understanding the true role of a co-

catalyst deposited on a semiconductor, as discussed in chapter 4.3.2.  

 

4.3.1. Surface processes of BiVO4 photoanodes deposited with different 

techniques  

BiVO4 is one of the most promising metal oxide photoanodes. Although much progress was made 

towards reaching the theoretical photocurrent maximum of BiVO4 under AM 1.5 irradiation of 

~7.5 mA/cm2, there is still room for improvement. Pihosh et al. recently demonstrated ~90 % of 

the theoretical photocurrent maximum using a heterojunction of WO3 nanorods, deposited with 

BiVO4/CoPi as photoande material148. This can be due to a low charge injection efficiency, known 

for BiVO4
42,43 or due to other limiting processes at the photoanode surface. But also bulk 

properties as the charge carrier separation play an important role for the performance of BiVO4 

photoanodes130.  

In this chapter, detailed investigations on the surface processes of spray-deposited BiVO4 are 

performed. Subsequently, the influence of the preparation method of BiVO4 on the PEC 

performance and its respective material properties at the surface and in the bulk are analyzed. 

Although much progress has been made on the development of highly active BiVO4, the surface 

processes at the BiVO4/electrolyte interface are still not clearly understood. Especially the 

influence of deposition methods on the surface processes has not been studied widely. Hereby, 

we analyzed the surface processes of a chemical and a physical deposition technique by 

comparing spray-deposited and sputtered BiVO4, respectively. 
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Figure 4.22: IMPS spectra of BiVO4 photoanode under different applied potentials. The increase of the low frequency intercepts 
with increasing potential represents an improvement in charge transfer efficiency. 
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Figure 4.23: Photocurrent-voltage (j-V) curve of spray-deposited BiVO4 taken under chopped illumination with a 455 nm LED (φ = 4 
mW/cm2). 

 

Figure 4.22 shows the complex IMPS plot for sprayed BiVO4 at different applied bias potentials. 

Each of these spectra is normalized to ensure that the high frequency intercept with the real axis 
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corresponds to CSC/(CSC + CH). CSC is the space charge capacitance, and CH is the Helmholtz 

capacitance. The reader is referred back to the theory section (chapter 2.3.2) for more details 

about the normalization. As the applied bias is increased, the low frequency intercept also 

increases. Since the low frequency intercept represents the charge transfer efficiency 

(ktr/(ktr+krec)), and recombination is expected to decrease at more positive potentials, this is as 

anticipated. The decrease in recombination at more positive potentials is consistent with the 

overall increase of the photocurrent and the decrease of the transients in the chopped current-

voltage curve, which is generally attributed to fast surface recombination (Figure 4.23). 

Figure 4.22 also reveals that the high frequency semicircle of the photo response in the lower 

quadrant (the RC attenuation semicircle) is somewhat suppressed. The same observation on 

hematite has been attributed to the frequency dependence of the dielectric constant and/or 

surface inhomogeneities136. A similar explanation may hold here, as our spray-deposited samples 

are known to have some degree of porosity130. 
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Figure 4.24 Charge transfer rate constant (red) and recombination rate constant (black) for the unmodified BiVO4 deposited by 
spray pyrolysis. 

 

Using equations (2.26) and (2.27) in chapter 2.3.2, the charge transfer rate constant, ktr, and the 

recombination rate constant, krec, can be calculated from the IMPS spectra of spray-deposited 

BiVO4. Figure 4.24 shows the results as a function of applied potential. We observe two potential 

ranges with different behaviors. At potentials below 1 VRHE, krec is constant and ktr increases with 

increasing potential. The constant surface recombination suggests that the band bending does 

not change in this potential regime. This implies that any change in the applied bias falls across 

the Helmholtz layer, which is consistent with the observed increase in the charge transfer rate 
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constant with potential. Although this resembles metallic behavior (Figure 4.25a), it is highly 

unlikely that these (undoped) BiVO4 films are truly metallic in nature. Instead, we attribute the 

behavior of krec and ktr to Fermi level pinning at the BiVO4 surface (Figure 4.25b). This means the 

Fermi level of the semiconductor is fixed (pinned) to the energy position of the surface states. By 

changing the applied potential, the Fermi level stays fixed. Therefore, the applied bias falls across 

the Helmholtz layer and the band bending does not change. 

For potentials more positive than 1 VRHE, the photoanode is behaving as a ‘normal’ semiconductor 

(Figure 4.25c). Any change in the applied bias falls across the space-charge region, which affects 

the band bending and therefore also the concentration of conduction band electrons. In the IMPS 

plot, this can be seen as a decrease of krec. In this regime, the charge transfer rate constant (ktr) 

does not depend on the applied potential, which is indeed expected for a semiconductor/liquid 

junction. 

To further support these observations, the high frequency intercept of the IMPS spectrum (i.e., 

the instantaneous hole current) is plotted semi-logarithmically as a function of the square root of 

the applied potential (Figure 4.26). At potentials > 1 VRHE, the logarithmic of the current is found 

to be proportional to the square root of the potential. This is in good agreement with the Gärtner 

equation193, which expresses the photocurrent for an ideal Schottky-type junction: 

 

𝑗ℎ = 𝑞𝐼0 (1 −
𝑒−∝𝑊

1+∝𝐿𝑝
)                                                     (4.1) 

𝑊 = √
2𝜀0𝜀𝑟

𝑒𝑁𝐷
∙ (𝜙𝑠𝑐 −

𝑘𝑇

𝑞
)                                       (4.2) 

 

Here, jh is the hole current, which flows into the surface, I0 is the incident photon flux, α is the 

absorption coefficient of the film, 𝑊 is the width of the space charge region (which is proportional 

to the square root of the potential), Lp is the hole diffusion length, 𝜀0 and 𝜀𝑟 are the vacuum and 

the relative permittivity, respectively, q is the elementary charge, 𝑁𝐷 is the donor concentration, 

k is the Boltzmann constant, T is the temperature and 𝜙𝑠𝑐  is the potential drop across the space 

charge layer (𝜙𝑠𝑐 = 𝑉𝑎𝑝𝑝𝑙𝑖𝑒𝑑 − 𝑉𝐹𝐵) with the applied potential 𝑉𝑎𝑝𝑝𝑙𝑖𝑒𝑑 and the flatband potential 

𝑉𝐹𝐵. This ideal behavior implies that the Fermi level is no longer pinned at potentials positive of 

1 VRHE. Moreover, it indicates that surface recombination, which is not taken into account in the 

Gärtner model, becomes negligible at these potentials. 
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Figure 4.25: Band diagram for a) a metal b) a semiconductor with Fermi level pinning (metal-like behavior) and c) a “normal” 
semiconductor. 
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In conclusion, the spray-deposited BiVO4 shows Fermi level pinning, most likely due to surface 

states, for applied potentials below 1 VRHE. Above this potential the photoanode behaves like a 

“normal” semiconductor. This means band bending increases with increasing potential and 

therefore the recombination rate constant decreases. With ktr staying constant this leads to an 

increase in charge transfer efficiency exceeding 50 % (the point where ktr and krec are about the 

same) at approximately 1 VRHE. 
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Figure 4.26: Photocurrent at high frequency intercept plotted as a function of the square root of the potential. The curve follows 
the Gärtner equation for applied biases above 1 VRHE, which means that the applied potential falls across the space charge region. 

 

We then analyzed the influence of deposition methods on the surface processes of BiVO4, by 

comparing spray-deposited and sputtered BiVO4. The j-V curves of both films, taken under 

AM 1.5G solar simulator irradiation, are shown in Figure 4.27. First of all, the sputtered sample 

shows a 300 mV more cathodic onset potential. However the increase in photocurrent with 

applied potential is steeper for the sprayed BiVO4. Consequently, the photocurrent at 1.23 VRHE is 

nearly doubled for the sprayed film compared to the sputtered film although the sputtered BiVO4 

shows an earlier onset potential. With this we can see two important metrics in a photocurrent-

voltage curve: the photocurrent plateau and the onset potential194. Tilley et al.149 proposed 

respective processes responsible for either of those effects. There, they mentioned that the value 

of the plateau current is a measure of the number of photogenerated holes that reach the 

semiconductor/liquid junction. This means the plateau current depends on bulk properties of the 

material, such as the charge carrier density, diffusion length and the absorption coefficient. On 

the other hand, the onset potential is thought to depend on the water oxidation kinetics at the 

semiconductor surface. This means low charge transfer or high surface recombination, maybe 
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due to surface states, result in high onset potentials. Although we note that this explanation might 

be too simplified, we attempted to verify this by performing IMPS measurements on the spray- 

and sputter-deposited BiVO4 films.  
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Figure 4.27: Chopped j-V curve of sprayed (black) and sputtered (blue) BIVO4 taken under AM 1.5G irradiation (φ = 100 mW/cm2). 

 

From the complex IMPS plots, ktr and krec can be calculated and the resulting values are plotted in 

Figure 4.28. The charge transfer rate constant (red circles in Figure 4.28) is about the same for 

spray-deposited and sputtered BiVO4 indicating that the water oxidation kinetics is not a problem 

for either film. This is not very surprising, since both samples are monoclinic BiVO4 (XRD reveals 

the same structure) with a very negative valence band edge lying ~1.2 eV below (positive of) the 

water oxidation potential37. Therefore, the thermodynamic driving force for holes is high 

compared to other materials, resulting in good hole transfer from the VB of BiVO4 to the 

electrolyte to oxidize water. This of course holds independent of the preparation method. 

However, the sputtered BiVO4 shows a remarkable suppression of surface recombination by 

~1 order of magnitude over the whole potential range, as compared to the sprayed BiVO4. 

Assuming similar degree of band bending is present in the sprayed and sputtered BiVO4, this 

suppression of surface recombination is likely to be caused by the absence of surface states, 

which can act as recombination centers, on the surface of sputtered BiVO4.  

By means of ktr and krec we calculated the charge transfer efficiency using equation (2.28). The 

corresponding plot is shown in Figure 4.29. The charge transfer efficiency for sputtered BiVO4 is 

reaching 80 % even at low applied potentials, whereas the spray-deposited film shows 

consistently smaller values within our selected potential range. The value of 80 % is in good 
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agreement with the literature data on sputtered BiVO4
195 and confirms that the smaller onset 

potential for sputtered BiVO4 is indeed due to reduced surface recombination.  
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Figure 4.28: Charge transfer rate constant (red) and recombination rate constant (black) for the spray-deposited (open symbols) 
and sputtered BiVO4 (closed symbols). 

 

However, at potentials above 1.1 VRHE, the explanation above does not hold. It should be noted 

that IMPS only determines the processes at the photoanode surface. Based on the contradiction 

of low photocurrent plateau and high charge transfer efficiency for the sputtered film, we can 

conclude that the bulk properties of this film are not very good; worse than for the sprayed film. 

As mentioned above, the increase in photocurrent plateau could be explained by a higher 

absorption and a higher amount of photogenerated charge carriers reaching the surface. A higher 

absorption is unlikely since both films have the same bandgap and thickness. This means the bulk 

charge separation efficiency for sprayed BiVO4 is significantly higher as compared to the sputtered 

films. Indeed, literature values for the charge separation efficiency at 1.23 VRHE is 9 % for sputtered 

BiVO4
195 and 28 % for sprayed BiVO4

130, confirming our explanation above. 

From the results obtained in this section, we can conclude that both bulk and surface properties 

of a photoanode play an important role for the water oxidation performance, showing different 

effects on the photocurrent curve. Although the same photoanode materials are used, the 

deposition method can have a distinct impact on the bulk and surface characteristics of the films. 

The improvement of the bulk properties has already been studied in detail by e.g. introducing 

dopants52,130,195, whereas the surface properties have been improved by depositing co-catalyst. 

However, the exact nature of the improvement mechanism and its effect on the different surfaces 

of sprayed and sputtered BiVO4 is not clear, which will be discussed in the next section. 
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Figure 4.29: Charge transfer efficiency calculated from the charge transfer rate constant ktr and the recombination rate constant 
krec for spray-deposited BiVO4 (black squares) and sputtered BiVO4 (blue triangles). 
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4.3.2. Influence of a co-catalyst on the surface processes of BiVO4 

In the previous chapter, the surface processes of bare BiVO4 photoanodes were discussed. 

Thereby, two different deposition methods were compared. This chapter focuses on the influence 

of co-catalysts on the processes taking place at the semiconductor/co-catalyst/electrolyte 

interface. In the past few years, many reports have shown significant performance improvements 

when water oxidation catalysts (CoPi, RhO2, FeOOH, NiFeOx, MnOx etc.)43–46,59 are deposited on 

top of metal oxide semiconductors. However, the true mechanism of the photocurrent 

enhancement is not completely understood yet.  

In general we consider three different roles for a co-catalyst. First of all, it can improve the water 

oxidation kinetics by reducing the activation energy, which results in a faster charge transfer to 

the electrolyte; this is the ‘classical’ role of an electrocatalyst. The second possible mechanism of 

a co-catalyst on a photoabsorber is the passivation of the surface and therefore the reduction of 

surface recombination. Finally, the co-catalyst can also influence the band bending of the 

semiconductor by forming a Schottky-type junction, thereby enhancing the charge separation. 

Boettcher and co-workers made a first general attempt to reconcile the interaction between the 

semiconductor and the catalyst by proposing the concept of an ‘adaptive’ junction196. Hereby, 

they explained that redox-active ion-permeable electrocatalysts (e.g., NiOOH and possibly CoPi) 

yield ‘adaptive’ semiconductor/electrocatalyst junctions where the effective Schottky barrier 

height changes in-situ with the oxidation level of the electrocatalyst. However, the true nature of 

the enhancement and the effect on the semiconductor/co-catalyst/electrolyte interface is still 

unclear. Furthermore, huge discussions about the interaction between semiconductor, catalyst 

and electrolyte take place in the PEC community. Just to mention an example, there are two 

conflicting views on the mechanism of photocurrent enhancement in the hematite/CoPi 

system48,49,197. To get a better insight to the processes at the surface and the mechanism of 

subsequent photocurrent increase, different electrocatalysts were deposited onto BiVO4 and 

analyzed using IMPS. 

 

4.3.2.1. CoPi 

CoPi has been reported to improve the performance of metal oxide photoanodes (e.g. Fe2O3
48–50, 

WO3
51, BiVO4

46,52,53, and TaON54,55) in general and of BiVO4 in particular by enhancing the catalytic 

(charge injection) efficiency and thereby increasing the photocurrent of the material130. Since the 

mechanism behind this improvement is not completely understood at this time, we electro-

deposited CoPi onto a spray-deposited BiVO4 photoanode to investigate its effect on the surface 

process for photoelectrochemical water oxidation. The photocurrent density of bare BiVO4 in 

black and CoPi functionalized BiVO4 in red taken under illumination of a 455 nm LED with a light 

intensity of φ = 4 mW/cm2 is presented in Figure 4.30. For comparison the dark j-V curve for BiVO4 

is plotted as dashed line. The photocurrent onset potential shifts cathodically by approximately 
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300 mV after CoPi deposition on the bare sprayed BiVO4. Furthermore, we achieved a 1.5-fold 

increase in the photocurrent at 1.23 VRHE for the CoPi catalyzed BiVO4. However, the main 

question remains: What is the mechanism behind the improvement in photocurrent? To get to 

the bottom of this question, we used IMPS to study the processes at the semiconductor/co-

catalyst/electrolyte and semiconductor/electrolyte interface. As already discussed above, with 

this technique, we can distinguish charge transfer and surface recombination processes. A true 

catalyst would be expected to increase the rate of the water oxidation reaction by e.g. lowering 

the barrier height and lowering the activation energy, in contrast to slowing down surface 

recombination by passivating surface states, unpinning the Fermi level or increasing the band 

bending. 
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Figure 4.30: Photocurrent-voltage (j-V) curve of bare BiVO4 (black) and CoPi catalyzed BiVO4 (red) taken under illumination with a 
455 nm LED (φ = 4 mW/cm2), as well as the dark j-V curve (dashed black). 

 

As already mentioned in the theory part (chapter 2.3.2) and described in more detail in the 

beginning of this results section (chapter 4.3), ktr and krec can be calculated from the IMPS spectra. 

After modifying the spray-deposited BiVO4 (analyzed in chapter 4.3.1) with CoPi, the behavior of 

krec and ktr is very different compared to the bare BiVO4 photoanode (Figure 4.31, closed symbols). 

Most notably, the surface recombination rate constant is suppressed by a factor of 10 – 20 over 

the entire potential range. One possible explanation would be a change in band bending due to 

the formation of a Schottky-like contact between BiVO4 and CoPi. This in turn would affect the 

concentration of electrons at the surface (ns), and thus also the surface recombination rate 

constant. If this is indeed the case, one would expect to observe a higher value of the high 

frequency intercept of the IMPS spectra for CoPi catalyzed BiVO4, which corresponds to the 
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amount of holes arriving at the surface before they have a chance to recombine (at these 

frequencies, recombination is ‘frozen’). A change in band bending would affect the width of the 

depletion region (where charge separation occurs), and thus the amount of photo-generated 

holes that reach the surface. By plotting the high frequency intercept of the IMPS spectrum (i.e., 

the instantaneous hole current) semi-logarithmically, which directly correlates to the width of the 

space charge region (Gärtner equation), as a function of the applied potential, we show that there 

is no significant difference observed for bare and CoPi catalyzed BiVO4 (Figure 4.32).  
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Figure 4.31: Charge transfer rate constant (red) and recombination rate constant (black) for the unmodified (open symbols) and 
the CoPi catalyzed BiVO4 (closed symbols). 

 

To further rule out an additional change in band bending for the CoPi catalyzed BiVO4, we 

measured the change in open circuit potential for both samples upon illumination (ΔOCP) using 

a high intensity cw Ar ion laser source (Figure 4.33). To obtain a well-defined photovoltage, 0.5 M 

H2O2 in 0.1 M KPi was used as the electrolyte solution. A minor difference in ΔOCP of 24 ± 2 mV 

is observed between the bare and the CoPi catalyzed BiVO4. As shown in the inset of Figure 4.33, 

the shift is mostly due to a shift of the OCP in the dark; the OCP under illumination goes more or 

less to the same value for CoPi catalyzed and bare BiVO4. This indicates that the CoPi induces a 

stronger shift in the Fermi level of the BiVO4, as opposed to a shift in the band edges. A 24 mV 

change in the surface band bending corresponds to a ~2.5-fold decrease of the surface majority 

carrier concentration, which is much lower than the observed 15-fold decrease of the surface 

recombination rate constant. Furthermore, initial Hard X-ray Photoelectron Spectroscopy 

(HAXPES) measurements on CoPi catalyzed BiVO4 suggested that the addition of CoPi does not 

induce additional band bending. Overall, based on the high frequency intercept, ΔOCP data and 
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HAXPES measurements, we conclude that band bending plays a minor (if any) role in suppressing 

the recombination of CoPi catalyzed BiVO4. 
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Figure 4.32: High frequency photocurrent intercept plotted semi-logarithmically as a function of the potential for bare (black) and 
CoPi catalyzed BiVO4 (red). 

 

An alternative explanation is that CoPi passivates the surface defects at which recombination 

occur. Although the chemical nature of these surface defects and the mechanism by which 

passivation of such states by CoPi would occur is not clear at this stage, our observations are 

consistent with such a passivation mechanism. 

For a more detailed analysis of the influence of CoPi, we first look at the behavior of CoPi catalyzed 

BiVO4 at modest applied potentials (< 1 VRHE). The overall trends in Figure 4.31 are the same as 

for bare BiVO4, i.e., ktr increases with potential and krec remains constant. This suggests that Fermi 

level pinning still occurs at the BiVO4/CoPi surface as described in chapter 4.3.1 and that the 

surface states that are responsible for the Fermi level pinning are not passivated by CoPi. At this 

potential range, krec is reduced by the introduction of CoPi; this is attributed to surface 

passivation, as discussed above. However, the presence of CoPi does not affect the value of ktr. 

This is not what one would intuitively expect, since CoPi is expected to act as an electrocatalyst 

and should thus enhance the charge transfer. Instead, the negligible change in ktr suggests that 

the charge transfer still occurs via the BiVO4 surface. This is actually not so surprising since the 

oxidation power (i.e., thermodynamic driving force) of holes in the valence band of BiVO4 is higher 

than that of holes in CoPi. Specifically, the overpotential of CoPi is reported to be ~0.3 – 0.4 V, 

while the valence band of BiVO4 is located more than 1 eV below the water oxidation 

potential47,198–200. In addition, HAXPES measurements on our spray-deposited BiVO4, performed 
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in our institute, showed that the VB maximum of bare BiVO4 is located 1.65 eV more positive than 

the Fermi level; this distance is only 0.65 eV for BiVO4/CoPi. Therefore, we obtain a difference in 

valence band position of 1 eV between the bare and the CoPi catalyzed BiVO4, which leads to a 

reduction of the thermodynamic driving force for holes originating from CoPi instead of holes 

originating from the VB of BiVO4.  

 

Figure 4.33: Change in open circuit potential (ΔOCP) calculated from OCP measurements in the dark and under illumination with 
a 457 nm cw Ar ion laser with varying light intensities in 0.5M H2O2/0.1M KPi electrolyte. The average of ΔOCP = 24 +/- 2 was 
calculated from data taken starting at a light intensity of AM 1.5. Inset: OCP measurements using the same sample performed in 
in the same electrolyte. 

 

At potentials > 1.0 VRHE, the recombination rate constant of the CoPi catalyzed BiVO4 is again 

greatly reduced. However, the charge transfer rate constant of the CoPi catalyzed BiVO4 

decreases with increasing potential. We tentatively attribute this to a gradual shift of the 

oxidation reaction from the highly oxidizing BiVO4 surface (due to the low position of the valence 

band) to the CoPi surface at more positive potentials. With increasing applied potential, the 

exposed BiVO4 surface can no longer keep up with the flux of photogenerated holes. Therefore, 

an increasing fraction of these holes will oxidize CoPi instead of directly oxidizing water. Based on 

the dark j-V curves of CoPi and BiVO4 deposited onto FTO (Figure 4.34), we verify the widely 

known fact that CoPi as a good electro-catalyst has a higher intrinsic activity in the dark than 

BiVO4. However, ktr is a convolution of both, the intrinsic activity and the thermodynamic driving 

force. As mentioned above, the latter is much smaller for holes in CoPi compared to that of holes 

in the VB of BiVO4, which would then explain the observed decrease of ktr at V > 1.0 VRHE shown 

in Figure 4.31 (closed circles). 
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Figure 4.34: Dark current density-voltage (j-V) curves of CoPi (red) and BiVO4 (black), both deposited on FTO, to compare the 
intrinsic activity of these materials. Since BiVO4 has a rather high resistance (~200 Ω), the data is iR-corrected. 

 

To support the model developed above, we performed in-situ measurements of the UV-Vis 

absorption of CoPi as a function of applied potential, for both FTO/CoPi and FTO/BiVO4/CoPi 

(Figure 4.35c and d). The change in absorption can be directly correlated to the oxidation of cobalt 

in CoPi, since no optical changes are observed for bare FTO (Figure 4.35a) or FTO/BiVO4 (Figure 

4.35b). Although the change in optical absorption of FTO/BiVO4/CoPi is smaller than the 

corresponding change for FTO/CoPi, which is simply due to ~10-fold difference in CoPi thickness, 

it is clear that it increases with increasing potential. This absorption change is attributed to an 

increased fraction of cobalt ions being oxidized at high applied potentials. This means the higher 

the applied potential, the more cobalt ions are oxidized, after exceeding a certain onset potential. 

For CoPi deposited on BiVO4 (Figure 4.35d), this transition is at ~0.9 VRHE, which is in good 

agreement with our IMPS data; the potential at which ktr starts to decrease is ~0.9 – 1.0 VRHE. With 

the observations made above, we prove that water oxidation indeed shifts gradually from the 

BiVO4 surface to CoPi. Comparing the starting potentials of the absorption change (CoPi oxidation) 

for CoPi deposited on FTO and CoPi deposited on BiVO4 yield a difference of ~0.6 V, which can be 

correlated to the photovoltage of BiVO4. 
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Figure 4.35: Change in absorption (ΔA) of a) bare FTO, b) FTO/BiVO4, c) CoPi deposited on FTO and d) CoPi modified FTO/BiVO4 as 
a function of applied potential measured by in-situ UV-Vis  as a function of applied potential. The bare FTO and FTO/BiVO4 do not 
show any change in the absorption, while a clear change is observed for the CoPi modified samples. The measurements on BiVO4 
were done under illumination using a LED radiating at 365 nm. Since the LED is interfering with the absorption spectra, we 
eliminated this part from the data shown above. 

 

Based on our results and discussion in chapter 4.2 on the processes involved in the water 

oxidation by CoPi/FTO, further analysis can be done here. We have assigned the absorption 

signature around a wavelength (λ) of 300 nm to the oxidation from CoII to CoIII, whereas the 

absorption change around λ = 535 nm was correlated to the oxidation to CoIV and the subsequent 

water oxidation. In Figure 4.35d, we observe a change in absorption around λ = 300 nm 

(CoII 
 CoIII) for FTO/BiVO4/CoPi at lower potentials. The absorption change assigned to CoIV and 

water oxidation (λ = 535 nm) gradually starts at much higher potential. This observation verifies 

our assumption that the water oxidation takes place directly at the BiVO4 surface at low 

potentials, while gradually changing to the CoPi for higher applied potentials, which then results 

in a decrease of ktr as described above. 

To summarize the different surface processes taking place at the bare and CoPi catalyzed spray-

deposited BiVO4, we modified the original model developed by Laurence M. Peter139,140. 
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According to our understanding, the valence band holes in bare BiVO4, as shown in Figure 4.36a, 

can either directly oxidize water (1), or move to the surface states and recombine with conduction 

band electrons (2). The latter means that the holes do not participate in water oxidation and 

therefore have no contribution to the photocurrent. By functionalizing the BiVO4 with a surface 

passivating co-catalyst, such as CoPi, the surface states are passivated (Figure 4.36b). This 

effectively blocks the surface recombination pathway for the valence band holes, which will 

instead be injected into the electrolyte to oxidized water. We note that the CoPi layer is porous, 

so part of the BiVO4 is still in direct contact with water. With increasing potentials, however the 

surface of BiVO4 can no longer keep up with the photogenerated hole flux, due to its low intrinsic 

activity. This reduces the direct injection of holes into the electrolyte (1), and favors the 

competing pathway of hole transfer to CoPi (3). Here, the intrinsic activity for water oxidation is 

higher, but the thermodynamic driving force is much smaller, which leads to an overall decrease 

in ktr with applied potential as describe above in detail. 

 

Figure 4.36: Simplified model of the elementary processes in a spray-deposited BiVO4 photoanode a) without a co-catalyst and b) 
with CoPi as a surface passivating co-catalyst. Upon illumination, photo-excited carriers move towards the semiconductor-
electrolyte interface, where charge transfer from the valence band (1), recombination (2) and charge transfer via co-catalyst (3) 
can take place under reverse bias. 

 

From our findings described above we can conclude that the photocurrent of bare sprayed BiVO4 

is limited by surface recombination and not by surface catalysis. Depositing a CoPi catalyst onto 

BiVO4 enhances the photocurrent by passivating the surface, which is also reflected in an increase 

in charge transfer efficiency determined by IMPS (Figure 4.37). The charge transfer efficiency of 
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BiVO4/CoPi already exceeds 50 % at as low potentials as 0.6 VRHE at which the bare BiVO4 only 

reaches an efficiency of 10 %. This is also reflected in an increase in the photocurrent as well as 

in a cathodic shift of the onset potential.  
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Figure 4.37: Charge transfer efficiency for bare BiVO4 (black squares) and CoPi modified BiVO4 (red circles) calculated from the 
charge transfer and recombination rate constants measured by IMPS. 

 

Although CoPi is well-known to be an efficient (dark) electrocatalyst, this does not seem to be its 

main function in the BiVO4/CoPi system. Comparing our results to recent advances regarding this 

topic in literature reveals conflicting views on the role of CoPi deposited on a photoanode. First 

studies addressing this problem were performed with CoPi catalyzed Fe2O3. Barroso et al. 

performed transient absorption measurements, whereas Klahr et al. used impedance and 

transient photocurrent spectroscopy to probe the influence of CoPi on the PEC performance of 

Fe2O3. The earlier reported an increase in band bending, and thus enhanced charge separation 

and carrier life time in the semiconductor by introducing CoPi49. In contrast, Klahr et al. found no 

indications for a change in band bending, and instead suggested that CoPi rapidly extracts 

photogenerated holes from hematite, thereby reducing the electron-hole recombination at the 

surface201. In our case, we observed evidence for no (or very minor) change in band bending after 

depositing CoPi onto the photoanode, and reduced recombination rate constants for the CoPi 

modified photoanode. This is in good agreement with the conclusions drawn by Klahr et al., 

although we still have to keep in mind that different photoanodes were used (Fe2O3 vs. BiVO4). 

They do not necessarily have to show the same behaviors although functionalized with the same 

co-catalyst; even the same material can indeed show different behavior (as discussed by 

comparing spray-deposited and sputtered BiVO4). However, our results do not seem to suggest 
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that CoPi rapidly extracts holes from the BiVO4 surface. The oxidation of CoPi on our BiVO4 starts 

at an applied potential of 0.9 VRHE, but photocurrent already starts at much lower bias.  

Our results seem to agree more to the report of Peter et al., which claimed that CoPi effectively 

passivates the surface states in Fe2O3 by adsorption of cobalt and therefore reducing surface 

recombination136. This is indeed what we observed and concluded in our work. In a more recent 

publication, Carroll and Gamelin, reported that CoPi slows down the water oxidation kinetics, but 

the electron-hole recombination is slowed down even further, resulting in an overall 

enhancement in the PEC performance202. They explained that CoPi provides an alternative 

pathway for water oxidation avoiding hole accumulation at the Fe2O3 surface, similar to Klahr et 

al.. This means CoPi acts as “hole sink” that moves photogenerated holes away from the 

recombination centers. Therefore, the pinning of the quasi-Fermi level is relieved to a certain 

degree. This results in the expansion of the depletion region and reduces surface recombination 

at lower applied potentials, which leads to a shift in the onset potential. Although we also found 

a reduction of surface recombination in our photoanode/CoPi system, we still see Fermi level 

pinning at low applied potentials for the CoPi catalyzed BiVO4. Therefore, we conclude that the 

unpinning of the Fermi level is not the main reason for the reduction in surface recombination in 

our case. The passivation by adsorption of cobalt described by Peter et al. might be the main 

mechanism136. 

There are also a few studies on the processes at the BiVO4/CoPi/electrolyte interface. The work 

of Zhong and Gamelin suggested that CoPi reduces the surface recombination of BiVO4, which is 

in good agreement with our results. However, they could not directly distinguish whether the 

enhanced photocurrent was due to decrease in surface recombination or due to increased oxygen 

evolution kinetics46. Ma et al. investigated CoPi catalyzed BiVO4 photoanodes by transient 

absorption spectroscopy and reported that the improvement of photocurrent onset resulting 

from CoPi treatment is primarily due to retardation of back electron/hole recombination across 

the space charge layer. This means the main effect of CoPi deposited on BiVO4 is to reduce 

recombination of bulk electrons with surface accumulated holes. A possible cause for this is the 

change in the potential drop within the space charge layer; however, they only reported a 

marginal increase of space charge width. In contrast to their explanation, we observed clear 

evidences for Fermi level pinning and therefore also for the presence of surface states in our 

BiVO4. We believe the recombination via surface states, which is not considered by Ma et al., is 

more agreeable to the overall observations. It is important to note, despite the different 

deposition methods, that Ma et al. did not observe evidence for water oxidation via CoPi; i.e., 

holes from BiVO4 are directly driving the water oxidation rather than via CoPi. This is consistent 

with our decrease of ktr with increasing bias and our in-situ UV-Vis data. 

Overall, based on our results and the literature, it is beneficial to further investigate the nature of 

the surface states and the mechanism behind the reduction of the surface recombination in the 

presence of CoPi on BiVO4. Additional measurements on directly probing the chemical species at 
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the surface, using e.g. time-resolved Fourier transform infrared spectroscopy or in-situ XPS, have 

to be deployed. 

 

In addition to depositing CoPi on sprayed BiVO4, we also electrodeposited CoPi onto sputtered 

BiVO4. The comparison between the bare BiVO4 deposited by spray pyrolysis and sputtering is 

described in chapter 4.3.1. In this paragraph the influence of CoPi on the performance of 

sputtered BiVO4 and the comparison to sprayed BiVO4 modified with CoPi is discussed.  
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Figure 4.38: a) Chopped photocurrent-voltage (j-V) curve of bare sputtered BiVO4 (black) and CoPi modified sputtered BiVO4 (red) 
taken under AM 1.5G illumination (φ = 100 mW/cm2). b) Charge transfer (red) and recombination rate constant (black) for the 
unmodified (open symbols) and the CoPi catalyzed BiVO4 (closed symbols). 

 

Figure 4.38a shows the photocurrent of sputtered BiVO4 (black) and sputtered BiVO4 modified 

with CoPi. Surprisingly, a reduction of the photocurrent is observed for the CoPi catalyzed sample. 

This is contrary to the findings described above for spray-deposited BiVO4. The decrease in 

photocurrent is also reflected in the charge transfer (red in Figure 4.38b) and surface 

recombination rate constant (black in Figure 4.38b). Although the recombination is slightly 

reduced by a factor of ~4, the charge transfer is decreased by ~2 orders of magnitude. The 

performance decrease can also be visualized by the charge transfer efficiency in Figure 4.39. The 

bare BiVO4 deposited by sputtering shows a relatively high performance, exceeding 50 % charge 

transfer efficiency at the surface, for the whole potential range in comparison to the spray-

deposited sample. This phenomenon and its possible reasons have already elaborately been 

discussed in 4.3.1. By introducing CoPi, the performance of the sprayed BiVO4 increases, reaching 

the transfer efficiency of the unmodified sputtered film. However, the deposition of CoPi onto 

the sputtered BiVO4 leads to a strong reduction in charge transfer efficiency, mainly showing a 

value < 5 % for potentials up to 1.1 VRHE. This implies that the water oxidation reaction is somehow 

“blocked” by the introduction of CoPi for sputtered BiVO4. It is only at high potentials (> 1.1 VRHE) 

that the charge transfer efficiency starts to increase, which correlates to the increase of charge 

transfer rate constant and photocurrent (Figure 4.38). 
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Figure 4.39: Charge transfer efficiency calculated from ktr and krec determined by IMPS bare (open black squares) and CoPi 
catalyzed spray-deposited BiVO4 (closed black squares), and bare (open red circles) and CoPi modified sputtered BiVO4 (closed 
red circles). 

 

At first, the observation above for the CoPi deposited sputtered BiVO4 seems confusing. However, 

if we assume the same role of CoPi in the sputtered sample as in the sprayed sample, an 

explanation can be proposed. For sprayed films, we concluded that the main role of CoPi is surface 

passivation. The charge transfer is mainly occurring via BiVO4 valence band at low potentials, and 

shifted gradually via CoPi at higher potentials. This explanation can be extended to the case of 

sputtered BiVO4. First, surface recombination is suppressed for the CoPi catalyzed sputtered 

BiVO4, which is consistent with the surface passivation nature of CoPi on sprayed BiVO4. The lower 

suppression factor (~4 in sputtered vs. ~20 in sprayed) is presumably due to lower concentration 

of surface recombination states on the sputtered film. 

Next, we turn our attention to the charge transfer, which is more puzzling. To provide more 

insights, in-line synchrotron X-ray photoelectron spectroscopy experiments were carried out at 

the U49/2 beamline at Bessy II in Berlin Adlershof using the SoLIAS endstation (Solid-Liquid-

Interface-Analysis-System, provided by the Technical University Darmstadt). The reader is 

referred to the publication of Hillebrand et al. for experimental details on the in-line XPS161. Figure 

4.40 shows the Co 2p3/2 XPS spectra of sprayed (a) and sputtered BiVO4 (b) as introduced into the 

system (top) and after potentiostatic PEC at 1.05 VRHE for 5 minutes (bottom). The Co spectra 

consists of three peaks, attributed to Co3+ (orange), Co2+ (green) and a satellite peak (blue). From 

the Co 2p3/2 XPS spectra and the corresponding Bi 4f7/2 XPS spectra (Figure 4.41a), the cobalt-to-

bismuth ratio can be determined, which is plotted in Figure 4.41b. Note that the ratio here is not 

corrected for the photon flux and the cross-section for the different core level; however, relative 
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comparison of the ratio (e.g., between before and after PEC, between samples) is not affected 

and can still be made. The Co/Bi ratio for the sputtered BiVO4 is highly increased by a factor of 65, 

suggesting that the CoPi deposited on sputtered BiVO4 is either denser than the one deposited 

on sprayed BiVO4 or that the thickness of CoPi is increased, or both. If true, this may explain the 

decrease of charge transfer upon the introduction of CoPi. At low potentials, we know from the 

CoPi on sprayed BiVO4 that the charge transfer still occurs directly from the VB of BiVO4. The 

denser and/or thicker CoPi on the sputtered BiVO4 therefore simply blocks the hole transfer, and 

decreases the photocurrent. At high potentials, water oxidation shifts gradually via CoPi, which 

also can explain the increased charge transfer and photocurrent. 
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Figure 4.40: Co 2p3/2 XPS spectra of sprayed (a) and sputtered BiVO4 (b) as introduced into the system (top) and after potentiostatic 
PEC at 1 VRHE for 5 minutes (bottom) measured using the SoLIAS endstation. The Co spectra consists of three single peaks, 
attributed to Co3+ (orange), Co2+ (green) and a satellite peak (blue). 

 

To investigate this, CoPi was deposited galvanostatically onto sputtered and sprayed BiVO4 at a 

current density of 30 μA/cm2 for 15 min. The total amount of charge passing through was 

7.65 mC. The potential measured to obtain this current density is relatively the same for both 

films at ~1.61  0.02 VRHE. Using SEM, however, a CoPi thickness of 31.6  12.8 nm and 

75.7  19.0 nm were determined for sprayed and sputtered BiVO4, respectively. This suggests 

that the Faradaic efficiency for CoPi deposition is higher on sputtered BiVO4, i.e., enhanced 

growth of CoPi occurs on sputtered BiVO4. This might be caused due to the fact that there are less 

recombination centers leading to a higher charge transfer for CoPi deposition, which is confirmed 

by the higher charge transfer efficiency determined for the sputtered BiVO4 (Figure 4.39). The 

thickness is more than double for the sputtered compared to the sprayed films. However, this is 

still too low to account for a 65-fold increase in the Co/Bi ratio. Therefore, the CoPi layer 

deposited onto sputtered BiVO4 is also assumed to be denser than the porous layer deposited 
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onto the sprayed BiVO4. The EDX measurements in Figure 4.42 confirm this, showing a higher 

concentration of Co for CoPi deposited onto sputtered BiVO4. From this we can conclude that the 

CoPi layer on sputtered BiVO4 is thicker and denser compared to the thin, porous layer on sprayed 

BiVO4; this supports our explanations above for the charge transfer behavior in CoPi/sputtered 

BiVO4.  

166 164 162 160 158

0

10

20

In
te

n
s
it
y
 [

k
c
p

s
]

Binding energy [eV]

a)

166 164 162 160 158
-1

0

1

sprayed

 BiVO
4

sputtered

  BiVO
4

In
te

n
s
it
y
 [

k
c
p

s
]

Bi 4f
7/2

      

0.01

0.1

1

10
sputtered

   BiVO
4

C
o

 2
p

3
/2
 /

 B
i 
4

f7
/2

sprayed

 BiVO
4

b)

 

Figure 4.41: a) Bi 4f7/2 XPS spectra of sputtered BiVO4 (top) and sprayed BiVO4 (bottom) as introduced using the SOLIAS endstation. 
b) Cobalt to bismuth ratio determined by in-line XPS for the sputtered and the sprayed BiVO4. 

 

           

Figure 4.42: EDX measurements of Co (red) for the sprayed (a) and the sputtered (b) BiVO4. 

 

The thick, dense CoPi layer on the sputtered BiVO4 is presumably also less ion-permeable than 

the thin, porous CoPi on the sprayed BiVO4. According to the reaction pathway for the overall 

transformation of CoPi during the water oxidation process proposed by Surendranath et al., two 

Co4+-O bonds at the surface form a O-O bond leaving two Co2+-OH2 bonds at the surface behind. 

This means, if water oxidation occurs via CoPi, there should be an increase in the Co2+/Co3+ ratio 

after PEC measurement. We applied a potential of ~1.05 VRHE (water oxidation already gradually 
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shifts to CoPi at this potential) for 5 minutes to both the sprayed and sputtered sample. We then 

determined the Co2+/Co3+ ratio from the fitting of Co 2p3/2 XPS spectra, as shown in Figure 4.40. 

As presented in Figure 4.43, the initial Co2+/Co3+ ratio is relatively the same for CoPi deposited 

onto sprayed and sputtered BiVO4. After applying a potential of 1.05 VRHE for 5 minutes to both 

samples, the ratio changes. For CoPi deposited on sprayed BiVO4, the area of the Co2+ peak 

increases, resulting in a 2.3-fold increase in the Co2+/Co3+ ratio. As opposed to this, the Co2+/Co3+ 

ratio decrease by a factor of 1.8 for CoPi deposited on sputtered BiVO4. This suggests, that holes 

can be transported through the porous CoPi layer deposited on sprayed BiVO4, oxidizing water 

and leaving behind Co2+ at the surface. This looks entirely different for CoPi deposited on 

sputtered BiVO4. Holes originating from BiVO4 cannot make their way through the dense CoPi 

layer only being able to oxidize some of the Co2+ to Co3+
, but not being able to oxidize it to Co4+ 

and subsequently oxidize water.  
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Figure 4.43: Co2+ to Co3+ ratio determined by in-line XPS for the sputtered and the sprayed BiVO4 as introduced into the system 
(blue) and after potentiostatic PEC at 1 VRHE for 5 minutes (red). 

 

Concluding from this, it is obvious that the surface properties of the photoanode play a very 

important role for water oxidation, as is widely propagated in the PEC community. Furthermore, 

the photoanode surface plays a similarly important role for the growth of a co-catalyst and its 

application to enhance the PEC performance. Frei and co-workers found that there are two types 

of sites in the CoPi, which show widely different photocatalytic activity203. This means the type of 

site could be different depending on the material CoPi is deposited on. They also stated that the 

presence of adjacent CoIIIOH groups coupled via an oxygen bridge is necessary to make a good 

electrocatalyst. This was also supported by Weidler et al. that reported an increase in activity with 

decreasing Co2+/Co3+ ratio204. Although we see a decrease in the ratio of the peak areas of 

Co2+/Co3+ for the sputtered BiVO4, we do not observe higher performances. This suggests that 

either the CoPi deposited on sputtered BiVO4 is most containing the slow, inactive sites or CoPi 

used as a co-catalyst does not act the same way as CoPi used as an electrocatalyst. Finally, we 
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verified that dense catalysts indeed do not help to enhance the photocurrent—a certain degree 

of ion permeability is needed—as proposed by Boettcher et al.196,205,206.  



 

99 

4.3.2.2. NixMnyOz 

As discussed in chapter 4.1, we investigated the dark catalytic performance of PLD-deposited 

NixMnyOz over the whole stoichiometry range, including NiOx and MnOx for comparison. In this 

chapter the performance of these films deposited on sprayed BiVO4 is analyzed. When talking 

about BiVO4 in the following paragraphs, the spray-deposited BiVO4 is always referred. Figure 

4.44a shows the photocurrent-voltage curve of bare (black) and Ni0.5Mn0.5Ox catalyzed BiVO4 (red) 

taken under illumination with a 455 nm LED (φ = 4 mW/cm2). Similar to BiVO4 photoanodes 

modified with CoPi, the onset potential displays a cathodic shift of approximately 200 mV. 

Furthermore, there is a nearly 2-fold increase in the photocurrent at the thermodynamic water 

oxidation potential of 1.23 VRHE. This clearly indicates that, just like CoPi, Ni0.5Mn0.5Ox is a good 

co-catalyst for photoelectrochemical water splitting when deposited onto BiVO4. Figure 4.44b 

presents the charge transfer (red) and the recombination rate constant (black) of bare BiVO4 

(open symbols) and Ni0.5Mn0.5Ox catalyzed BiVO4 (closed symbols). Ktr increases up to an applied 

potential of 1 VRHE, where it reaches similar rates to the ones observed for bare BiVO4. On the 

other hand krec stays more or less constant (only a slight increase) for potentials below 1 VRHE and 

decreases for potentials > 1 VRHE. 
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Figure 4.44: a): Photocurrent-voltage (j-V) curve of bare BiVO4 (black) and Ni0.5Mn0.5Ox modified BiVO4 (red) taken under 
illumination with a 455 nm LED (φ = 4 mW/cm2). b) Charge transfer (red) and recombination rate constant (black) for the 
unmodified (open symbols) and the Ni0.5Mn0.5Ox catalyzed BiVO4 (closed symbols). 

 

In general, this behavior is similar to our findings for the bare BiVO4 discussed earlier and implies 

that Fermi level pinning is still present for BiVO4/Ni0.5Mn0.5Ox at potentials < 1 VRHE. Above this 

potential the modified electrode acts like a normal semiconductor. Similar to CoPi deposited on 

BiVO4, we observe a strong suppression of surface recombination even at low potentials. 

Although the charge transfer is slower for low potentials, the surface recombination is even 

slower, leading to an overall increase in charge transfer efficiency. This increase is most 

pronounced near the water oxidation potential of 1.23 VRHE. At this potential the charge transfer 
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is at the same level as for the bare BiVO4 electrode, but the recombination is reduced by a factor 

of ~7 leading to a significant performance increase.  
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Figure 4.45: Photocurrent taken at a potential of 1.2 VRHE for BiVO4 modified with different NixMnyOz co-catalysts as well as NiOx 
and MnOx. The photocurrent of bare BiVO4 is shown as black dashed line for comparison. 

 

We now analyze the photocurrent taken at a potential of 1.2 VRHE for NixMnyOz with different 

stoichiometry, as well as pure NiOx and pure MnOx deposited on BiVO4. For all samples modified 

with a co-catalyst, the photocurrent is enhanced as compared to the bare BiVO4 (Figure 4.45). 

Furthermore, we observe a similar trend as was shown for the dark electrocatalysis of those 

materials. This means the photocurrent grows with increasing Ni content in the catalyst: the 

lowest is the BiVO4 modified with bare MnOx with 0.16 mA/cm2, and the highest is the NiOx 

catalyzed BiVO4 with 0.29 mA/cm2. However, in chapter 4.1, a rapid performance increase for 

MnOx was described when introducing only a small amount of Ni (Ni/Mn = 0.075) into the MnOx 

catalyst. With further increasing Ni ratio the performance rises asymptotically approaching the 

intrinsic catalytic activity of NiOx at a high Ni ratio. When used as a co-catalyst on BiVO4, the 

photocurrent increase between pure MnOx and a 10 % Ni/Mn ratio in NixMnyOz is less drastic. In 

fact, the photocurrent increases linearly with Ni content from 0 % for MnOx catalyzed BiVO4 to 

100 % for the NiOx catalyzed BiVO4.  

To analyze the influence of the co-catalyst with different stoichiometry on the photocurrent 

increase, we determined the surface recombination (black squares in Figure 4.46) and the charge 

transfer rate constants (red squares in Figure 4.46) using IMPS. The dashed lines illustrate krec and 

ktr for the bare BiVO4, shown in black and red, respectively. The surface recombination is 

suppressed for all co-catalyst modified BiVO4, showing a decreasing krec with increasing Ni ratio in 
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the catalyst film. Apart from that, the charge transfer stays relatively at the same level as for bare 

BiVO4 up to a Ni/Mn ratio of 50 %. With further increasing Ni content in the co-catalysts the charge 

transfer decreases. This is in contrast to our expectation, since we found NiOx to be the most 

efficient dark electrocatalyst and expected to have high charge transfer.  
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Figure 4.46: Recombination (black) and charge transfer rate constant (red) at a potential of 1.2 VRHE for BiVO4 modified with 
different NixMnyOz co-catatlyst as well as NiOx and MnOx. The recombination and the charge transfer rate constant of bare BiVO4 
are shown as black and red dashed lines, respectively. 

 

To understand the reason behind this disagreement, we measured the valence band (VB) 

maximum position of the samples. Our UPS measurements reveal that the VB of BiVO4/NiOx is 

1.5 ± 0.5 eV above the VB of bare BiVO4 (red lines), whereas the VB of BiVO4/MnOx and 

BiVO4/Ni0.5Mn0.5Ox is only 0.5 ± 0.3 eV higher compared to the one of bare BiVO4 (Figure 4.47). 

Although the measurements might not be quantitatively exact (notice the large error margin), the 

trend is clear. The thermodynamic driving force for water oxidation is highest for bare BiVO4, 

slightly reduces for co-catalysts with lower Ni content and further reduces for Ni-rich films. Since 

the charge transfer is a convolution of intrinsic activity (highest for NiOx) and thermodynamic 

driving force (lowest for NiOx), we see an overall decrease in ktr for Ni-rich co-catalysts. However, 

for those Ni-rich co-catalysts krec decreases even further resulting in an overall increase in charge 

transfer efficiency and therefore leading to the highest photocurrent for NiOx deposited on BiVO4. 

This is in good agreement with the results of CoPi deposited BiVO4, showing that surface 

recombination is limiting the photocurrent of BiVO4. 
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Figure 4.47: Energy position of the valence band edge (VB) vs. the vacuum level for different co-catalysts deposited on BiVO4. The 
VB position of bare BiVO4 is marked as red dashed line, at what the error range is shown as red dotted lines. 

 

The performance increase with increasing Ni ratio for the co-catalyst deposited onto BiVO4 is 

nevertheless not the same as for the dark electrocatalysts. As already mentioned earlier 

throughout this thesis, Boettcher and co-workers stated that the performance of a co-catalyst 

deposited on a photoanode is not necessarily related to its performance as electrocatalyst in the 

dark196,205. It is of higher importance that the co-catalyst has a good ion-permeability. NiOx is 

known to be a good hole conductor, in contrast to MnOx which is not specifically reported to be 

a good hole conductor. Therefore, the holes can easily find their way through the Ni-rich films, 

preventing them from recombining. Additionally, the UPS measurements reveal different energy 

positions for the Ni-rich and the Ni-poor films deposited onto BiVO4, possibly leading to the 

passivation of different surface states in the BiVO4. To investigate this in more detail, additional 

measurements on the nature of the surface states have to be employed. Furthermore, it would 

be interesting to see if the performance would be further improved after depositing a double 

layer of a Ni-rich (or pure NiOx) and a Ni-poor (or pure MnOx) co-catalyst onto BiVO4, i.e., 

combining very low krec and relatively higher ktr. 
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4.3.2.3. RuOx 

RuOx is known to be an excellent water oxidation catalyst82,99, but RuOx particles are highly 

unlikely to passivate the surface. Depositing RuOx onto BiVO4 is therefore expected to not affect 

the surface recombination. Moreover, if BiVO4 is not limited by water oxidation kinetics—as we 

have proposed in the previous sections—modifying the surface with RuOx should not increase the 

charge transfer rate constant, ktr. In fact, ktr is expected to decrease due to the lower oxidation 

power of holes in RuOx compared to holes in the valence band of BiVO4. To test our prediction, 

we deposited RuOx onto a BiVO4 photoanode. We used a photo-assisted anodic process to ensure 

that the RuOx is deposited on the surface facets where the photo-generated holes arrive and do 

their electrochemical work, related to a publication of Li et al.207.  
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Figure 4.48: a) Photocurrent-voltage (j-V) curve of bare BiVO4 (black) and RuOx modified BiVO4 (red) taken under illumination with 
a 455 nm LED (φ = 4 mW/cm2). The current plotted is the current under illumination subtracted by the current in the dark.b) Dark 
current-voltage (j-V) curves of RuOx deposited on FTO (red) and bare FTO (black). The RuOx catalyst shows a large decrease of the 
overpotential and therefore demonstrates its good catalytic properties. 

 

Figure 4.48a shows the photocurrent after subtraction of the dark current plotted as a function 

of applied potential, demonstrating that the photocurrent of BiVO4 does indeed not improve with 

the introduction of RuOx; it actually decreases. This behavior is observed for the whole potential 

range, even though RuOx is known to be a good electrocatalyst in the dark. RuOx deposited onto 

FTO has a very high intrinsic catalytic activity, shown in Figure 4.48b. The overpotential of RuOx 

to achieve a dark current of 0.5 mA/cm2 is only 0.33 V compared to 1.38 V for BiVO4, which 

demonstrates the good catalytic activity of our RuOx.  

Figure 4.49 shows the charge transfer and the recombination rate constant for bare BiVO4 and 

BiVO4 modified with RuOx. Ktr is actually reduced compared to that of the bare BiVO4. The surface 

recombination is not affected, which confirms that RuOx does not act as a passivation layer. These 

observations are fully consistent with our simplified model, established in chapter 4.3.2.1, which 

we expanded by a non-passivating co-catalyst, such as RuOx (Figure 4.50). In this model, the holes 

can either go to the surface state (1), where they recombine with electrons or they can transfer 
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to the electrolyte. The charge transfer is depicted to occur via the valence band (2) and/or the 

RuOx (3). Since the catalyst does not passivate the surface, the recombination (1) is not 

suppressed. However, the charge transfer rate constant is still lower as compared to a bare BiVO4, 

due to the same reason discussed for the CoPi and NiOx modified BiVO4. The VB holes in BiVO4 

have higher oxidation power than RuOx. This confirms our hypothesis that the photocurrent of 

BiVO4 is limited by surface recombination, not by water oxidation catalysis. 
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Figure 4.49: Charge transfer rate (red) and recombination rate (black) for the unmodified (open symbols) and the RuOx 
catalyzed BiVO4 (closed symbols). 

 

Similar results for IrOx are reported in literature. Ye et al. also reported that IrOx is not an effective 

catalyst deposited on BiVO4
53. Additionally, Li et al. determined the photoelectrocchemical 

performance of different co-catalyst deposited onto monoclinic BiVO4 crystals207, describing that 

IrO2 decreases the photocurrent of BiVO4. Since IrOx and RuOx are relatively similar in their 

structural properties, also their catalytic properties are comparable. Li et al. found that IrO2 is 

deposited on the “wrong” facets, the once that are not responsible for water oxidation. This could 

also be the case for our RuOx deposited on BiVO4. In contrast to MnOx that is deposited on the 

“right” facets and shows an increase in photocurrent. Another explanation could be, that a 

catalyst needs some degree of ion-permeability to make a good co-catalyst deposited on a 

photoanode196,205, which is not the case for RuOx deposited on BiVO4.  
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Figure 4.50: Simplified model of the elementary processes in a BiVO4 photoanode with a non-surface passivating co-catalyst (e. g. 
RuO2). Upon illumination, photo-excited carriers move towards the semiconductor-electrolyte interface, where either charge 
transfer (ktr) or recombination (krec) takes place under reverse bias. In this model, charge transfer is depicted to occur via the 
valence band and/or the co-catalyst. 
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4.3.3. Conclusion 

In this chapter it was shown that IMPS is a powerful technique to investigate the processes taking 

place at the semiconductor/liquid and the semiconductor/co-catalyst/liquid interface. It was 

determined that the main role of a co-catalyst deposited on sprayed BiVO4 is to suppress surface 

recombination as oppose to enhance the charge transfer. This can be ascribed to the passivation 

of surface states in our spray-deposited BiVO4. Furthermore, the low valence band position of 

BiVO4, resulting in a high oxidation power of holes originating from the BiVO4 valence band, leads 

to good water oxidation kinetics for the bare BiVO4. The findings mentioned above are certainly 

strongly influenced by the type of co-catalyst deposited on top of the photoanode. Hereby, 

catalysts with high intrinsic activity in the dark, such as RuOx and IrOx, do not assure for a 

performance increase when deposited onto a photoanode. It is the ability to allow ions to pass 

through the material that makes a good co-catalyst, as was shown in the case of CoPi, NiOx, MnOx 

as well as NixMnyOz deposited on sprayed BiVO4. Boettcher and co-workers reported that redox-

active ion-permeable electrocatalysts (e.g., NiOOH and possibly CoPi) yield ‘adaptive’ 

semiconductor/electrocatalyst junctions where the effective Schottky barrier height changes 

dynamically with the oxidation level of the electrocatalyst196,205,206. Furthermore, it is important 

that potential surface states in the photoanode material get passivated by the co-catalyst. We 

showed that our co-catalysts are passivating the surface rather than increasing the charge 

transfer. Contrary, Riha et al. reported that their co-catalyst is able to do both. By depositing an 

ultrathin layer of Co(OH)2/Co3O4 on top of hematite by ALD they improve the kinetics of hole 

transfer and also decrease the density of surface states208. With all those different mechanism 

describing the reduction of surface recombination reported in the literature and discussed in 

detail in chapter 4.3.2.1, Sivula made a good point in his review “Metal Oxide Photoelectrodes for 

Solar Fuel Production, Surface Traps, and Catalysis” stating that catalyzer evolve a whole new 

dimension for semiconductors209.  

Unfortunately, the chemical nature of the surface states in our spray-deposited BiVO4 has not yet 

been resolved. For hematite, Klahr et al. reported two types of termination populating the 

surface210. Both, -O and -OH, act as surface states. For BiVO4 such studies were not performed 

yet. Only Smith et al. reported an increase in photocurrent after photocharging their sprayed 

BiVO4, accompanied by a gradual reduction of V211. This means the structure of untreated V-rich 

samples, which mostly contain V5+, change to a structure with an increasing fraction of V4+ while 

photocharging. They concluded that the surface states in BiVO4, which were found to be 

positioned at 0.85 VRHE (which directly corresponds to the energy level of these surface states), 

might be comprised of V5+. But further investigations on the nature of the surface states in BiVO4 

have to be employed.  

Additionally, sprayed and sputtered BiVO4 were compared, examining that although the 

semiconductor material is the same, surface properties can be completely different. This 

difference is also affecting the properties of the CoPi co-catalyst deposited on top, leading to 
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opposite effects on the PEC performance. This was shown by a decrease in photocurrent for CoPi 

deposited on sputtered BiVO4 in comparison to an enhanced photocurrent for spray-deposited 

BiVO4 modified with CoPi. 
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5. Summary and Outlook 

Despite the initial debates and discussions, we currently have a broad agreement that the man-

made climate change entails serious consequences for the world’s population associated with 

economic, geopolitical and societal aspects. This also entails personal aspects such as health 

issues caused by increasing emission of greenhouse gases, which is related to the combustion of 

fossil fuels. According to the International Panel on Climate Change (IPCC) a CO2 level above 

450 ppm is likely to cause global warming by more than 2 °C compared to pre-industrialized 

temperatures, which would imply severe consequences for the environment and human 

society11. 

To solve this problem we need a broad transition from fossil fuels to renewable energy sources. 

However, renewable energies are often subjected to intermittency (e.g. day-night cycle of solar 

energy, calm summers); this has indeed been some arguments behind the society’s reluctance of 

implementing renewable energies. To tackle this issue, solar water splitting has attracted 

significant attention by storing the abundant solar energy extracted from sunlight in the form of 

chemical energy (H2). Hereby, a semiconductor is used to convert sunlight into electron-hole 

pairs, which then split water to hydrogen and oxygen. At the moment, the development of highly 

efficient photoelectrochemical (PEC) devices is hindered by the amount of energy losses for the 

oxygen evolution reaction (OER). Due to the four electron transfer process that is essential for 

the production of one O2 molecule, significant overpotentials have to be applied to achieve 

acceptable reaction rates. Therefore, it is important to understand the processes taking place 

during water oxidation and to develop novel cheap and earth abundant OER catalysts to reduce 

the required overpotentials. Furthermore, while a lot of these OER catalysts have been applied 

onto light-absorbing semiconductors to alleviate the low injection efficiencies, the interaction 

between the semiconductor, the co-catalyst and the electrolyte is still poorly understood.  

Taking above considerations, we first investigated the overall performance of NixMnyOz for the 

OER. NixMnyOz films with a wide stoichiometry range, as well as the pure NiOx and MnOx catalysts 

were deposited by pulsed laser deposition at room temperature. These NixMnyOz films have been 

shown to exhibit good catalytic activity as a dark electrocatalyst for the OER; relatively low 

overpotentials were obtained at 1 mA/cm2 compared to values reported in literature114,115. By 

adding a small amount of Ni (Ni/Mn ratio = 0.075) into MnOx, the catalytic efficiency of the 

catalyst, namely the overpotential at 1 mA/cm2, increases significantly. A steady increase of the 

Ni content in the films result in a further improvement of activity, slowly approaching the 

performance of pure NiOx, which shows the lowest overpotential. The transmission of these films 

is also shown to increase with increasing Ni content in the films, suggesting a good application of 

the co-catalyst on top of a light absorbing semiconductor.  

Another crucial characteristic of a good catalyst is its stability in aqueous solution. Therefore, the 

potential of the films was monitored in a galvanostatic experiment at a constant current density. 
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For a current density of 1 mA/cm2, all NixMnyOz catalysts including NiOx and MnOx were stable. 

We simply observed an activation of the Ni containing films, which is reflected in a decrease of 

potential at the beginning of the experiments. This is typical for NiOx and already extensively 

described in literature58,172,163. To verify this, XPS measurements showed a stable Mn/Ni ratio 

before and after EC and a proportional increase in the peaks corresponding to –OH groups as well 

as NiOOH phase after EC. At a current density of 5 mA/cm2, we observed two distinct behaviors. 

NixMnyOz with Ni/Mn ≥ 0.5 are stable. On the other hand, MnOx shows an increase in potential 

with time, which is ascribed to the dissolution of Mn at such high potentials. This stability issue 

was already found earlier in our institute171. However, Mn-rich catalysts show a strong decrease 

in potential. This was also assumed to result from the dissolution of Mn and therefore leading to 

a film with higher Ni content and consequently higher activity. 

From this we concluded that the overall performance, which is composed of the catalytic 

efficiency, determined by the overpotential at 1 mA/cm2, the optical efficiency, determined by 

the transmission, and the stability in basic electrolyte, evaluated by galvanostatic measurements, 

increases with increasing Ni content in the catalyst film and is consequently best for pure NiOx. 

This is also supported by the analysis of the charge of the redox peaks of the catalysts and the 

in-situ UV-Vis measurements, indicating that Ni is the active species in our NixMnyOz catalysts. 

However, adding a small amount of Ni significantly increases all three components of the overall 

performance of MnOx, making NixMnyOz an efficient, economically more favorable and 

environmental friendly catalyst. 

Next steps could be additional investigations on the phase of the NixMnyOz. We observed 

crystalline features. However, the peaks are not listed in XRD reference data banks. Therefore, 

Raman spectroscopy would be a good tool to distinguish between different phases in the 

NixMnyOz and to get a finger print of the material. Furthermore, similar to studies of Co-based 

materials108,109,161, the investigation of oxidation state changes during OER measured with e.g. 

In-line synchrotron X-ray photoelectron spectroscopy would be of great interest. 

In the second section of this thesis, the mechanistic processes taking place during the water 

oxidation with a CoPi catalyst were investigated. Hereby, in-situ UV-Vis measurements were used 

to monitor the different oxidation processes involved in the OER. CV measurements reveal three 

distinguishable steps: (i) oxidation of CoII  CoIII at ~1.35 VRHE, showing an absorption feature at 

λ = 300 nm (ii) oxidation of CoIII  CoIV at ~1.55 – 1.60 VRHE, showing an absorption feature at 

λ = 535 nm and (iii) oxygen evolution starting ~1.60 VRHE. With this technique, we monitored a 

sequential change from CoII  CoIII  CoIV, in agreement with the reports in the literature108,109. 

However, in contrast to what was proposed in the literature, we found that it is not necessary to 

completely oxidize the film to CoIII (although a critical CoIII/CoII ratio has to be exceeded), before 

it can start to partially oxidize to CoIV and subsequently form O-O bonds and evolve O2. 

Furthermore, time-resolved analysis suggests that the oxidation of CoIII  CoIV is the fastest 

followed by the oxidation of CoII  CoIII, assuming that the O-O formation and the O2 release are 
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the rate-limiting steps108,109. Unfortunately, we cannot monitor the rate of O2 evolution with this 

in-situ UV-Vis potential steps experiments. Additional measurements, such as time-resolved 

differential electrochemical mass spectroscopy (DEMS) or time-resolved FTIR, are needed to 

elucidate this. Additionally, the in-situ UV-Vis measurements can also be expanded to other 

redox-active materials, such as NiOx and our NixMnyOz, to investigate the mechanistic processes 

occurring during the OER.  

The third section of this thesis describes the processes taking place at the BiVO4/CoPi/electrolyte 

interface during water oxidation and compares them to the processes at the bare BiVO4 surface. 

A comparison between spray-deposited and sputtered BiVO4 was also made, and the influence of 

the deposition methods of BiVO4 on the films modified with CoPi was analyzed. Finally, the 

surface processes of BiVO4/NixMnyOz and BiVO4/RuOx were investigated. 

Hereby, we used IMPS as a tool to distinguish the charge transfer and surface recombination 

processes at the BiVO4/electrolyte and BiVO4/co-catalyst/electrolyte interface. We found that the 

main role of a co-catalyst deposited on sprayed BiVO4 is to suppress surface recombination as 

oppose to enhance the charge transfer. This can be ascribed to the passivation of surface states 

in our spray-deposited BiVO4. Furthermore, the low valence band position of BiVO4, resulting in a 

high oxidation power of holes originating from the BiVO4 valence band, leads to good water 

oxidation kinetics for the bare BiVO4. As a result, we even observed a decrease in charge transfer 

rate constant for BiVO4 modified with a co-catalyst.  

The findings mentioned above are certainly strongly influenced by the type of co-catalyst 

deposited on top of the photoanode. Hereby, catalysts with high intrinsic activity in the dark, such 

as RuOx do not assure for a performance increase when deposited onto a photoanode. The ability 

to allow ions to pass through the material196,206 and the ability to passivate surface recombination 

centers, as was shown in the case of CoPi, as well as for NixMnyOz deposited on sprayed BiVO4., 

are shown to be important criteria for a co-catalyst. Overall, our studies reveal that the 

photocurrent of BiVO4 is not limited by its surface catalytic activity, but its surface recombination.  

Based on our results and the literature45,48,49,137,201, it is beneficial to further investigate the nature 

of the surface states and the mechanism behind the reduction of the surface recombination in 

the presence of CoPi or NixMnyOz on BiVO4. Additional measurements on directly probing the 

chemical species at the surface, using e.g. time-resolved Fourier transform infrared spectroscopy 

or in-situ XPS, have to be deployed. Furthermore, it would be of great interest to investigate 

catalyst double layers, as was demonstrated by the group of Choi44, to distinguish between the 

roles of the two co-catalysts (reduction of recombination and/or enhancement of charge 

transfer). 

Additionally, sprayed and sputtered BiVO4 were compared. Although the semiconductor material 

is the same, the material (bulk and surface) properties can be quite different. Surface 

recombination is much lower for sputtered BiVO4 and charge transfer is relatively the same, 
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resulting in consequently higher charge transfer efficiencies for the sputtered BiVO4. However, 

since the bulk properties (carrier mobility and charge separation efficiency195) are significantly 

better for the spray-deposited BiVO4, the overall photocurrent is still higher for the sprayed 

samples. This difference is also affecting the properties of the CoPi co-catalyst deposited on top 

of each BiVO4, leading to opposite effects on the PEC performance. For sputtered BiVO4 we 

observed a nearly complete suppression of photocurrent after the deposition of CoPi due to a 

strong reduction of the charge transfer rate constant. XPS and EDX measurements suggest that 

the CoPi layer on sputtered BiVO4 is very dense and therefore less ion-permeable, leading to a 

lower PEC performance. In comparison, spray-deposited BiVO4 modified with porous CoPi show 

an increase in photocurrent, due to reduction of surface recombination described above.  

Overall, this thesis addresses the key issues for developing a highly efficient PEC device for solar 

hydrogen production, starting with the catalysis of the oxygen evolution reaction, namely 

designing new OER catalysts (NixMnyOz), as well as understanding the mechanistic processes of 

an already well-established OER catalyst (e.g. CoPi). Finally, the interaction between 

semiconductor, catalyst and electrolyte that also plays a crucial role to develop new design rules 

for highly efficient PEC devices was addressed. While we mainly focused on BiVO4-based systems 

in this thesis, this study should be extended to other semiconductor/co-catalyst systems, in order 

to obtain a more general picture of the processes at the semiconductor/catalyst/electrolyte 

interface. This new level of understanding is then expected to better guide the process of 

designing a semiconductor/co-catalyst combination for efficient water oxidation. Great efforts 

are currently made in the community to put these exciting topics to a new level. 
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